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TITLE: SEEDLING ESTABLISHMENT OF NEW CROPS UNDER CRUSTING AND OTHER
LIMITING RELATED CONDITIONS

2 4.1

a
.3.04.1.n

INTRCDUCTICN

The introduction for this CRIS was presented in the 1986 Annual Report.
It pointed out the need for - and difficulties encountered in - direct
seeding of guayule and other small-seeded new crops.

Figure 1 is a list of some of the factors involved in the establishment
of guayule - or most crops . All the factors relate to obtaining good
seed; then making that seed perform optimally to obtain the established
crop. The factors are categorized into seed, site/seeding, and post~
seeding factors. Seed factors start with selection of the crop; then go
on to seed selection and/or breeding, and include various natural and
controllable factors that assure top quality seed at harvest. Optimi-
zation of the seed also includes seed-house and laboratory procedures to
enhance the vigor, quality and performance of the seed., Site/seeding
factors involve selecting and preparing the site and the actual seeding
operation. For small seeded crops like quayule these factors are
critical to crop establishment.

The post-seeding factors listed in Fig. 1 have been separated into the
three phases of germination, emergence, and establishment. Most of the
germination factors relate back to prior seed and soil preparation
practices. If the crop is irrigated, one has a greater measure of
control over water, salt, and temperature stresses to enhance
germination. Most of the factors shown which affect germination also
affect emergence. Soil crusting can be an added problem decreasing
emergence. For most crops the transition from seed power to sun power
{emergence to establishment) occurs without problems. Guayule,
unfortunately, is extremely vulnerable during this period: the transition
is prolonged and the young seedlings are inordinately vulnerable to pests
and diseases during that growth stage.

Of course Fig. 1 is only a partial list of factors; e.g.,the types of
additives which have been proposed to enhance the seed or to improve the
soil is practically boundless, The underlined factors in the Fig. 1 are
those which have been evaluated in varying degree under this project
and/or in cooperation with Dale Bucks in several field-seeding
operations. The multitude of factors involved in establishment and the
relative unknown importance of each when working with a new crop makes
modeling extremely difficult.

Field studies

Results of the first field experiment on direct seeding under this CRIS
were presented in the 1986 Annual Report. It showed that 5-mm—deep
planted quayule had higher emergence and survival, than surface planted
seed, and that establishment was extremely sensitive to moisture stress,
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In 1987 these studies were continued to optimize planting depth; compare .
conditioned vs. raw seed, evaluate two soils types, compare seed covers

of different densities, and optimize irrigation schedullng during the
germination and emergence growth stages.

MATERTALS AND METHODS

Four experiments were carried out on two 24 by 2.5 m* outdoor plots at
the USWCL in 1987. The sand plot was washed, Salt River bed, fine sand
in a 2-mdeep plastic-lined pit. It was the plot used in the preliminary
experiment described in the 1986 Annual Report. The soil plot was the
on-site Avondale loam.

Prior to each experiment the particular plots to be used were rototilled,
smoothed, wetted, and lightly rolled. Air and soil temperatures were
recorded using imbedded thermocouples. Four drip lines were installed on
each plot; each line either represented a replication with treatments
randomly scattered along each line {Exps. 2 and 3), or else constituted a
separate irrigation treatment (Exps. 4 and 5). The seed was raw or
conditioned guayule cv. 11591, planted dry; i.e., not pregerminated.
Planting was done as in Exp. 1, by punching holes or slots in the soil to
the desired depth. Seeding rate, unless stated otherwise, was 100 seeds
per 2 m row length for singulation, and 10 seeds per clump, 20 clumps per
2 m row length for clumping. Each experiment was replicated 4 times.
Stand counts were taken daily until maximum emergence; then periodically .
thereafter until the stand was essentially stabilized — generally one
month. Insects were controlled by broadcasting Spectracide on the plots
as needed.

Exp. 2. Variables: Two soils {sand and Avondale); 4 planting depths (0,
5, 10, and 15 mm); two planting modes (singulate and clump); and 2 covers
atop the seed {soil from each respective plot and expanded vermiculite).
Only conditioned seed and cone irrigation regime were evaluated. Planting
date was Mar. 4, 1987, Plots were irrigated each day for 10 days
straight to keep the soil contimially wet; then weekly until the close of
the experiment on day 62.

Exp. 3. Variables: Four planting depths (5, 10, 20, and 30 mm); raw and
conditioned cv. 11591; and 2 covers atop the seed {soil and vermiculite).
Only Avondale soil,the singulation planting mode, and one irrigation
regime were evaluated. Planting date was May 26, 1987. Planting rate
was 200 seeds per 2-m-long treatment. Plots were irrigated each day for
8 days straight; then periodically for the remainder of the month.

Exp. 4. Variables: The same two soils; 4 planting depths (5, 10, 15,
and 20 mm); and 4 irrigation regimes (all treatments received 14 mm
immediately after planting; then approximately 5 mm: ~every day, -every
other day, -every fourth day, and -every sixth day). Only conditioned
11591, the singulation planting mode, and the vermiculite seed cover were
evaluated. Planting date was Sep. 17, 1987,

Annual Report of the U.S. Water Conservation Laboratory



Exp. 5. Vvariables: The same two soils; 4 planting depths (5, 10, 15,
and 20 mm); and 4 irrigation regimes (all treatments received 13 mm
immediately after planting; then were irrigated as in Exp. 4). Only
conditioned cv. 11591 (same batch of seed as used in Exp. 4), the
singulation planting mode, and the vermiculite seed cover were evaluated.

RESULTS

Exp. 2. The primary purpose of the second experiment was to determine
the optimum seeding depth for guayule. The 1986 experiment had shown
that 5 mm deep was better than surface plantings, but possibly, deeper
depths were better still., Tables la and 1b list stands at maximum
emergence and on day 30 (both adjusted for laboratory germination of 72%)
for the sand and Avondale soils, respectively, and for singulated and
¢lumped planting modes. With singulation, the best emergence (91%) and
30-day stands (82%) were both obtained from the deepest planting (15 mm)
of vermiculite-covered Avondale soil. Both maximum emergence and
established stands for this treatment increased with planting depth (Fig.
2). In general, the surface plantings had lower emergence and greater
die-off than the 3 deeper plantings, regardless of soil type or seed
cover.

Tables la and lb also show the number of days to 95% of maximum emer-
gence. This value is more consistent than days to maximum value, and may
be useful for scheduling irrigations and other agronomic practices. As
expected, the number of days to 95% maximum emergence increased with
greater planting depth, but the pattern was not regular. Rapid emergence
reduces risks and speeds the transition from seed-power to sun~power, but
planting too near the surface to speed emergence may expose the seed to
undue water, salt, and temperature stresses.

Clumping the seeds produced results similar to those with singulation:
deeper plantings were better than surface planting. Some treatments
produced near perfect emergence and established stands (99 and 92%,
respectively). Values refer to clumps, not individual plants. Clumping
and singulation both produced adequate stands in this study; clumping,
however, may have advantages under less favorable planting conditions.

Exp. 3. The purpose of this study was to compare the emergence and
survival of conditioned vs. raw guayule seed at different planting depths
and with different seed covers. The conditioned seed emerged quicker
than the raw seed (Table 2}. Under irrigation conditions this means that -
less water is required to get the crop up and that risks to the
vulnerable young plants during the critical germination and emergence
phases are reduced. Clearly, some treatments in Exp. 3 were planted too
deep. Except for the vermiculite-covered, conditioned seed, one would
conclude that guayule should be planted only 5 mm deep — or shallower.
This concurs with many earlier recommendations. However, these studies
suggest that conditioned seed can be planted deeper: 10 or even 15 mm
appears to be optimal. It is reassuring to know that good emergence will
occur over a range of planting depths, since field planting is never an
exact operation.
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The ratio values at the bottom of Table 2 show that the vermiculite seed
cover enhanced emergence. The ratio of highest to lowest maximum .
emergence in each column shows that vermiculite-covered seed had ratios

of 1.7 and 3.2 for conditioned and raw seed, respectively, but for soil-

covered seed the respective ratios were 6.7 and 19.3. Vermiculite

covering tends to be forgiving of planting the seed too deep.

The ratios of best and worst maximum emergence values at each depth,
shown in the right hand column of Table 2, increase with depth, ranging
from only 1.5 at 5 mm to 19.9 at 30 mm. The implication is that if you
are planting low vigor seed, particularly under unfavorable conditions,
it is best to plant shallow. This also conforms with most published
findings.

Table 2 also shows the one month stands and the losses over that period.
The best treatment lost about one~fourth the plants, which is reasonable
for guayule. But 6 treatments lost over 50%. These high losses are
thought to relate to the high temperatures during establishment for this
experiment; May-June may be too hot to establish guayule in Arizona.
Nevertheless, it may be possible to do it by using conditioned seed,
planting 10 to 15 mm deep, covering with vermiculite, and increasing the
seeding rate as needed.

. 4. The results of the four irrigation regimes on emergence and
establlshment of conditioned guayule seed planted in September are shown
in Tables 3a and 3b. The shallow 5-mm plantings generally had poor
emergence regardless of the irrigation regime. The wet, 5-mm-deep .
planting on Avondale soil is a possible exception, even though 50%
emergence is still rather low. The dryer irrigation regimes produced
lower stands throughout on the sand but not necessarily on the Avondale.
The deeper 15~ and 20-mm plantings fared better than the shallow
plantings. Stand losses, the first month were very large for all
irrigation regimes on the Avondale so0il, but were reasonable on the three
wettest regimes on the sand.

Exp. 5. The emergence/stand data appear in Tables 4a and 4b, and Fig. 3.
In general, the time required for 95% of maximum emergence increased from
4 or 5 days at the 5 mm planting depth to 7 or B days at the 20 mm depth,
and emergence on the Avondale s0il was a day or more ahead of that on the
sand. There was no consistent difference in 95% maximum emergence time
as related to the 4 irrigation regimes, which suggested that little was
gained in that regard by irrigating every day. In general, the 10- and
15-mm depth plantings had greater maximum and 30-day stands than those
planted at the 5 and 20 mm depths. ©On the sand, the shallow 5 mm deep
planting consistently had the lowest 30-day stands, and as irrigation
frequency decreased the stands on deeper planted seed improved relative
to shallower plantings, The data suggest that it is not necessary to
irrigate guayule every day during the germination/emergence phases. The
best approach for singulation planting of guayule may be to plant 10 to
15 mm deep, cover the seed with vermiculite, irrigate the first two days,
and then switch to a dryer irrigation schedule of once a week or so.

This needs verification. It probably is dependent on soil and weather
conditions. It is assumed that the seed is conditioned and that soil -
crusting is prevented.
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Fig. 3 shows a rapid decline in stand shortly after maximum emergence and
then a gradual increase, which varied according to planting depth. This
increase looks like it might be related to the 31 mm rain on day 11, but
probably relates more to the gradual revival of severely insect damaged
plants as the weather cooled and insect populations drastically declined
the first week of November.

Even though Exps. 4 and 5 were set up identically, the emergence/stand
results were radically different. 1In Exp. 5, planting at 10 to 15 mm
deep would almost assure a 30-day stand in excess of 50% (adjusted for
laboratory germination), regardless of the 4 irrigation schedules. With
Exp. 4, however, only the wettest, 10- and 15-mm deep plantings on the
sand plot had 30-day stands as great as 50%. Most Exp. 4 stands were
one-half to one-fourth as great as in Exp. 5, and many treatments in Exp.
4 lost more than 25% of the stand between maximum emergence and day-30.

These differences in stands between Exps. 4 and 5 may be due partially to
insect damage. Insect populations dropped off radically shortly after
the plants in Exp. S began to emerge. Temperature differences, however,
during the course of the experiments may be a bigger factor. Figures 4a
and 4b show one-month adjusted stands for the several planting depths vs.
the average of daily average temperatures during the first 7 days
following planting for the four experiments detailed here. Guayule
appears to prefer cool temperatures during establishment. Results seem
reversed between Exps. 3 and 5 on the Avondale so0il, but Exp. 3 was
planted in May when temperatures were rapidly increasing, while Exp. 5
was planted in QOctober when temperatures were rapidly decreasing. The
data in Figs. da and 4b suggest that early spring, as soon as danger of -
frost is past, may be the best time to plant guayule in the Phoenix area.
An added advantage of an early spring planting is that insect populations
are still low then.

CONCLUSIONS

The findings from these experiments suggest several ways to improve
emergence and stand establishment of direct-seeded guayule under
irrigated conditions. Optimum planting depth for conditioned seed for
most experimental conditions studied here was 10 mm. BRaw seed, however,
performed better if planted only 5 mm deep. Surface planted or slightly
covered seed gave low emergence and survival stand counts. Seed
conditioning shortened and unified seedling emergence, and appeared to
inordinately improve the vigor of the weak and inhibited seed.

Use of expanded vermiculite covering atop the seed, rather than soil,
also hastened emergence, allowed weaker seedlings to emerge, circumvented
soil crusting, tended to be forgiving of deep and uneven planting, and in
general, reduced planting risks. Shallow-planted guayule, however,
performed better with a soil covering than with vermiculite, Planting
guayule as deep as practicable, then covering the seed with vermiculite,
also saved water, since daily irrigations during emergence were not
necessary to prevent crusting.

Emergence and stand establishment were affected by the season of
planting. A March planting produced emergence and 30-day stand counts
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(adjusted for laboratory germination values) in excess of 90 and B0%,
respectively, for several singulated treatments. Stands from a hotter
late May planting generally were less than half that of the March
planting. An even hotter mid-September planting had even lower stands.

By using clumping in seed placement, we attained nearly 100% emergence
for some treatments in the March planting. Clumping permitted closer
control of plant spacing and hastened emergence, compared to singulation
planting. Due to competition, individual plants in the clumps were
smaller than average singulated plants. Under the conditions of these
experiments, the planting rate of 10 seeds per clump was excessive.

Emergence and established stands were highly dependent on water,
temperature, and salt stress. Temperature stress, as already pointed
out, relates to planting season. Regarding water, it appears that
conditioned quayule seed needs to be under saturated of near-saturated
soil conditions for at least the start of the germination process. Our
results showed, however, that increasing water stress after emergence
improved both plant growth and survival.

The results of these studies suggest that emergence and stand establish-
ment can be improved by planting deeper than previously, generally
recommended. One can best accomplish this by using conditioned seed and
covering it with a light porous covering such as vermiculite. Planting
deep normally provides a more favorable and stable soil environment for
the seed than that which exists near the soil surface. Surface crusting
would nullify these findings, but was circumvented in these studies by
keeping the so0il moist until maximum emergence had been attained and/or
by covering the seed with expanded vermiculite. Early spring (March and
April) seem to be the preferred time of the year to plant guayule in the
Phoenix area.

PERSONNEL

D. H. Fink
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Table ila. Maxlmum emergence and stand reduction by day 30 for the Avondale soll {planted &4 Mar. 1987}l/
Ireatment Singulated Clumped
Haximum emergence Established stand Maximum emecgenhce Establighed stand
Seed Seed
cover depth Stand Time 95X max. Day 10 Loas Stand Time 95X max. Day 30 Loss
- om x Days Days % z 4 Days Days z 4
Soil 0 69.0 13 9.2 27.6 60.0 96.2 9 6.3 86,2 1044
5 90.2 15 9.4 64,9 28.0 97.5 8 5.0 87.5 10.3
10 80.1 19 9.3 62.0 22,6 97.5 9 7.1 82.5 I5.4
i5 83.8 15 I1.9 72,5 13.5 B7.5 9 7.5 75.0 14.3
Vermie-~ 0O 38.7 15 10.0 22,9 40.8 81.2 8 6.2 67.5 16.9
ulite
3 66.3 i5 9.5 43.8 33.9 98.8 5 4.9 90.0 8.9
10 76.8 15 9.5 69.0 10.2 97.5 7 5.9 92.5 5.1
15 90.9 i5 11.5 81.5 10.3 97.5 13 7.7 92.5 5.1
1/

~' Singulated atand values were adjusted by dividing by the laboratory-determined germination (0.72}.
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Table 1b. Maxipum emergence and etand reduction by day 10 for the sand soil (planted 4 Mar. !QBB):l!
Treatment Singulated Clumped
Maximum emergence Established stand Maximum emergence Egtablished stand
Seed Seed
cover depth Stand Time 95 max., Day 0 Loss Stand Time 95X max. Day 30 Losa
- mm z Days Days 4 X z Daya Days Z x
Seil 0 56,1 9 8.1 7.0 4.3 76.2 :} 7.0 65.0 14.7
5 80,5 9 8.0 £3.3 21.4 85.0 9 7.0 81.2 4,5
10 78.4 12 9.9 73.4 6.4 98.8 8 7.0 92.5 G.4
15 52.3 ¥ 10.9 46.9 10.3 93.8 12 7.9 83.8 10.7
Vernie— 0 25.6 9 B.4 B.l 68.4 8.8 9 8.0 18.8 51.5
ulite
5 67.4 9 8.0 55.2 17.7 85.0 3 5.1 63.8 24,9
10 67.3 12 10.0 57.9 14.0 98.8 7 5.5 92,5 G4
15 72.1 12 10.6 57.2 21.7 98.8 9 7.1 85.0 14,0
1/

=" Singulated stand values were adjusted by dividing by the laboratory~determined germination {0.72).
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Table 2. Enmergence/stands of conditlaned va raw cv. 11591 guayule on Avondale safl.

Emergence/StandiJ

Conditianed~~Verniculite Condicioned-—Sqil Raw~-Vermiculite Raw=~Sgl 1

Max. 0.95 Day 31 Max. 0,95 Day 31 Max. 0.95 Day 31 Max. 0.95% Day 31 2/
Depth Stand Max. Stand Loss Stand Mox. S5tand Loss Stand Hax. Scanq Logs Scand Hax. Stand Loss Ratlo~

z Days b4 z z Days 4 r4 b4 Days b4 b4 k4 Days 4 z
5 52.6 4,7 32,1 3B.b 43,1 5,7  23.6  45.2 3.3 B.4 24,8 35,3 34.8 6.7 16,8 51.8 1.5

10 62.2 6.0 46.8 24.8 0.5 4.5 10.1 66,9 31.9 8.8 18.7 44,8 18.7 6.7 11,7  37.5 3,1
20 43.4 6,2 20.8 52,1 17.2 4.7 11.4 33,7 26,5 12.1 13.5 48,9 9.3 1.7 6.3 32,0 4,7
30 35.8 6.7 19.9  44.4 6.4 6.1 2.7 57.8 12,1 12,3 4.8 . 60,3 1.8 4.0 0.2 87.5 19.9
mactod 1.7 2,4 6.7 8.7 3.2 5.2 19.3 84.0
niff.i! 26,4 26.9 b4 20.9 26.2 20.0 33.0 16,6

l/ Adjusted by dividing actual percent standa by laboratory determined germlnation (0.74 and 0.62 for conditioned and raw seed,
respectively).

2/ Ratlo of highest and lowest maximum emergence at each depth.

A/ Rpatiec of highest and lowest emecgence for each seed-cover treatment.

4/ Dlfference between highest and lowest emergence for each seed~cover treatment,
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Table 3a. Effects of four irrigation schedules on emergence and estab-
listment of direct seeded guayule (Exp. 4; planted Sep. 17, .
1987 on Avondale soil).
1/
Emergence— St and
Irrigation Depth Maximum 95% Max. 29-Day Losszi
mm e ot Day A
1 5 50.3 + 8.5 5 25.5 + 8.0 49.4
10 58.8 + 10.8 5 3l.5 + 12.1 46.4
15 57.3 + 8.8 6 25.0 + 7.1 56.4
20 60.3 + 10.8 8 23.0 + 5.8 6l.8
II 5 29.1 + L1.4 5 16.7 + 9.1 42.7
10 52.7 + 15.2 7 34.5 + 8.0 34.5
15 64.4 + 8.2 7 45.2 + 19.4 29.9
20 57.3 + 4,0 8 23.9 + 3.3 58,2
I1I 5 22,0 + 11.1 8 15.9 + 10.6 27.6
10 39.4 + 8.3 8 26.1 + 7.9 33.8
15 56.8 + 21.1 8 38.6 + l4.1 32.0
20 47.7 * 6.7 8 23.9 + 10.3 49.8
v 5 25.0 + 7.4 8 10.6 + 7.0 57.6
' 10 36.4 + 7.6 8 19.4 + 6.5 50,0
15 46,7 + 12.0 8 31.8 + 7.1 31.8 .
20 34.8 + 9.2 9 12,1 + 3.3 65,2
1/

=/ stand counts adjusted for laboratory germination (667%).
2/

Stand loss relative to maximum emergence.
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Table 3b, Effects of four irrigation schedules on emergence and estab-
. 1istment of direct seeded guayule (Exp. 4; planted Sep. 17,
1987 on sand soil).
Emergencel/ Stand
Irrigation Depth Maximum 95% Max. 29-Day Losszi
mm i Day A
I S 20.5 + 4.7 8 17.4 + 3.8 14.8
10 60.3 + 13.5 7 50.0 * 13.5 17.1
15 63.3 + 13.9 7 57.6 + 12.4 9.1
20 39.7 + 17.0 10 31.1 + 11.1 21.8
II 5 10.9 + 1.52 11 10.3 + 2.6 5.6
10 31.8 + 15.8 8 28.8 + 13.9 9.5
15 45.2 + 2.6 39.4 + 7.1 12.8
20 38.6 + 7.7 8 31.8 + 9.2 17.6
I1I 5 12.9 + 6.7 10 1l.4 + 5.9 11.8
10 20.5 + 11.1 9 15.5 + 11.4 24,4
15 49.7 +19.8 8 36.1 + 30.2 27.4
20 43.9 + 4.4 9 30.0 + 18,6 31.7
v 5 3.0 + 2.4 14 1.8 + 1.5 40.0
10 6.4 + 10.0 4 4.8 + 8.9 23.8
. 15 22.4 + 7.4 5 15.5 + 11.8 31.1
20 27.3 + 10.8 8 16.4 + 6.8 40.0
LY Stand counts adjusted for laboratory germination (66%).
2/

Stand loss relative to maximum emergence.
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Table 4a. Effects of four irrigatlon schedules on emergence and estab-
listment of direct seeded guayule (Exp. 5; planted Oct. 21,
1987 on Avondale soil),

Emergenceif Stand
Irrigation Depth Maximun 95% Max. 30~Day L0552/
mm e e Day %
I 5 59.8 + 4.4 4 46.2 + 6.2 22,8
10 70.9 + 7.0 5 66.2 + 7.9 6.6
15 55.3 + 14.5 5 41.7 + 12.0 24.7
20 41.7 + 15.2 7 31.5 + 15.9 24,4
II 5 77.3 + 8,2 5 67.9 + 7.3 12,2
10 73.5 + 9.4 5 65.9 + 13.3 10.3
15 75.5 + 7.7 6 61l.8 + 7.7 18.1
20 53.0 + 12.7 7 44.2 + 12.6 16.6
III 5 50.3 + 12.0 5 42.4 + 8.6 15.7
10 66.4 + 8.6 5 59.8 + 9.7 9.8
15 68.5 + 3.2 5 67.0 * 4.5 2.2
20 62.9 + 12.0 8 54.2 + 15.2 13.7
Iv 5 62.1 + 18.5 4 53.8 + 18,0 13.4
10 58.3 + 16.4 6 39.1 + 15.2 (1.3
15 60.3 + l4.1 6 52,7 + 8,0 - 12.6 .
20 48.2 + 13,3 7 37.6 + 18.2 22,0

Stand counts adjusted for

2/

laboratory germination (66%).

— Btand loss relative to maximum emergence.
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Table 4b, Effects of four irrigation schedules on emergence and estab-
listment of direct seeded guayule (Exp. 5; planted Oct. 21,
1987 on sand soil).

Emergenceij Stand
Irrigation Depth Maximum 95% Max. 30-Day Lossz/

mm s f e e Day - 4

I 5 65.2 + 4.8 5 47.3 + 12,6 27.4

10 89.4 T 11,1 5 76.5 F 10,4 144

15 75.5 + 15.0 6 65.% + 18.3 12.7

20 64.4 + 15.0 8 60.3 ¥ 23.9 6.4

II 5 59.8 + 15.2 5 36.4 + 15.8 39.2

10 74.5 + 10.8 6 57.6 + 9.8 22.8

15 77.6 + 6.2 7 60.6 + 18.9 21.9

20 63.3 + 6.5 8 57.9 + 22.6 8.6

III 5 23.0 + 5.6 5 20.9 + 6.5 9.2

10 61.8 + 14.4 7 58.3 + 16.2 5.6

15 78,0 + 9.8 7 70.5 + 7.7 9.7

20 56.4 + 8.3 8 50.8 + 8.5 9.9

v 5 24.2 + 6.2 10 23.0 + 7.1 5.0

10 54,5 T 22,1 7 30.6 * 6.4 43.9

15 62.1 + 10.2 7 43.6 + 21,1 29,8

20 57.9 + 7.0 8 47.7 + 22.0 17.5

2/

Stand counts adjusted for laboratory germination (66%).

Stand loss relative to maximum emergence.
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Fig. 1. Direct seeding factors affecting seedling establishment, _ -
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Fig. 3. Emergence/establishment of conditioned guayule at different planting depths
for initial and day 4 irrigation regime.
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first seven days following planting. '
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TITLE: CULTURAL MANAGEMENT OF LESQUERELLA

SPC: 1,3.03.1.d 80% CRIS WORK UNIT: 5344-13230-001
2.3.04.1.n 20%
INTRODUCTION

The lesquerella plant biosynthesizes hydroxy fatty acids similar to
castor oil, which is classified as a strategic material and an essential
chemical feedstock for the production of lubricants, plastics, protective
coatings, surfactants, and pharmaceuticals. Castor oil is a completely
imported item of considerable industrial importance. Economic analyses
indicate that the potential crop value justifies research and development
of lesgquerella as a new crop for the arid areas (Thompson, 1988).
Lesquerella is considered a winter crop and may replace other small grain
winter crops of the southwest. When used as a winter crop, its water use
would be expected to be less than those grown in the hotter periods of
the year. At present, we have limited information on the cultural
management of this crop. The objective of this study is to determine the
water requirement of lesquerella and to begin to understand the cultural
management of the crop.

PROCEDURE

The seed source was from a half-sib family bulk population of
Lesquerella fendleri, which came from progenies of single plant selec-
tions. Seeds were planted with a Stanhay belt seeder with approximately
80 seeds per foot using l2-inch rows. The experiment was set up in an 80
X 600-feet, level basin plot located at the Maricopa Agricultural
Research Center on a Casa Grande sandy loam soil. Planting was initially
made on October 17, 1986, but plant establishment was poor because of
soil crusting problems. Replanting was made on December 2, 1986. This
later planting was expected to affect cultural management and yield, but
a comparison of irrigation treatments was still possible. To improve
seed emergence and establishment, sprinkler irrigation was used.

A completely randomized block design with four irrigation levels and four
replications was used. Each plot was 40 x 75-feet and surrounded by
border dikes. A neutron excess tube was installed in the center of each
plot to a depth of 6~foot (180 cm}. Weekly measurements of water content
was made with the neutron equipment which was field calibrated at the
site. Pre- and post-irrigation soil water measurements were also made as
the schedule demanded. The water use characteristic of lesquerella was
determined by monitoring soil water depletions.

The four irrigétion treatments were planned with the following applica-
tion rates:

A. Two irrigations with approximately 90 to 95% available soil
water depletion at the 0~50 cm depth.
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B. Three irrigations with approximately 80 to 85% available soil
water depletion. 9

C. Four irrigations with approximately 70 to 75% available soil
water depletion.

D. Five irrigations with approximately 60 to 65 % available soil
water depletion.

The pre-planned irrigation levels had to be modified because of the late
planting date, weather conditions, and unknowns in the phenological
development of the lesquerella crop.

Ammonium phosphate (16:20) was applied at the rate of 100 lb/A as the
preplant fertilizer. No herbicide was used and weeds were controlled by
manual removal.

Seeds were hand-harvested on July 1, 1987.

RESULTS AND DISCUSSION

Because of the late planting date, the irrigation scheme had to be
medified from the initial criteria set up for the experiment. Thus, only
1, 2, 4 and 5 irrigations were made for Treatments A, B, C, and D,
respectively, instead of 2, 3, 4 and 5 as initially planned (See Table 1
for actual irrigation dates). The second irrigation for Treatments A and
B was not applied in order to prepare the plants for harvesting.
Possibly, an irrigation should have been applied in early to mid-April
for these treatments to achieve the 2 and 3 irrigation levels.

The moisture distribution curve and the changes in water content with
time are illustrated in Figure 5 for treatment A. Root activity and
water adsorption was occurring primarily at the 0 to 130 (not plotted) cm
depth with practically none at the 180 cm.

The consumptive water use curves for the four treatments (Figs. 1 to 4)
indicate that minimal water use occurred over the January through April
pericd when the evapotranspirational demands are the lowest. Approxi-
mately 90% of the water used for evapotranspiration was derived from the

0 to 90 cm s0il depth. Lesguerella is an indeterminate flowering plant

and flowering started in late February and continued until soon after

the irrigation ended. Most of the water use occurred over the late April .
through the early June period. Irrigation was terminated in early June

to prepare the plant and soil for seed harvesting.

The yield vs. water use data are presented in Table 2. Maximum yield of
569 kg/ha was attained at the 5 irrigation level. The yield, however, is
much below the 2,500 kg/ha value needed as a break-even cost of produc-
tion reported by Thompson (1988). A yield of at least 1,000 kg/ha could
have been achieved if plant establishment could have been made in
October. The extra irrigation applied in Treatment D vs. C had a great
effect on yield even though the water use increase was only 5 mm. .
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Apparently, like other crops, a critical time of non-stress condition is
present for seed production in lesquerella, which occurs in this instance
during the late May to early June period,

Seed size was similar for all treatments. The single weights are lower
than those reported by Thompson {1988) for greenhouse grown plants which
were later transplanted to the field.

Water use of 425 mm (16.7 in.) for lesquerella is below other small grain
crops grown in this area such as barley (635 mm, 25 in.) and wheat (655
man, 25.8 in.); castor bean for castor oil, also grown here in the past
over the April to November season requires 1128 mm (44.4 in.) under
normal production {Erie, et al., 1981).

SUMMARY

Establishment problem was encountered in the first large-scale planting
of lesquerella. This was solved by using sprinkler irrigation. Water
use by lesquerella is in the order of 420 mm over the December to June
winter growing season, which is less than that for winter small grain
crops such as barley and wheat., Seed yield was low and could be
attributed to the later than normal planting date used. Little water was
used over the December to March interval, with the maximum occurring in
May. Additional field trials are needed to include experiments to study
the interaction of water, fertility, population, and germplasm for
optimum management of the crop.
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Table 1. Irrigation application dates

Treatment*

Date

A

B

12 mMay

05 May
26 May

29 Jan
23 Apr
12 May
26 May

29 Jan
23 Apr
12 May
19 May
02 Jun

1987

1987
1987

1987
1987
1987
1987

1987
1987
1987
1987
1987

* 100 mn {4-in.) of water application per

irrigation; 56.8 mm rainfall over the

experimental period.

Table 2. Lesquerella seed yield and water use relations

Treatment No. Irrig. Seed yield Seed weight Water-use*
{kg/ha) (g/1000) (mm)
A 1 141 0.484 280
B 2 214 .509 340
c 4 437 .484 420
D 5 569 .525 425

* Computed for the 0-190 cm depth.
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TITLE: DCPTA EFFECT ON RUBBER AND GROWTIH OF GUAYULE AND SEVERAL OTHER
PARTHENIUM SPECIES

5PC: 2.3.04.1,p CRIS WORK UNIT: 5344-13230--001

INTRODUCTION

In recent years, the United States has been importing its entire supply
of natural rubber, approximately 800,000 metric tons annually, at a cost
of about $870 million (Green, 1986), Guayule {(Parthenlum argentatum
Gray) 1s a drought—-tolerant, rubber~producing shrub native to north
central Mexico and southwestern Texas. Research and development efforts
to commercialize guayule rubber production in the United States are the
result of this country's dependence on foreign sources of Hevea
brasiliensls rubber to meet its natural rubber requirements. Besides
helping to relieve the nation’s trade Imbalance and providing a reliable
supply of this critical material independent of the vagarles of the
international market, the domestic production of guayule rubber will
provide a sorely needed alternative crop for farmers in the desert
southwest,

Although plant breeders are working to increase the rubber content of
guayule plants, the 8 to 0% rubber currently found in the best genetic
material is inadequate to justify commercial production at current
rubber prices (Wright, 1985).

Other methods of improving guayule rubber yields have been studied,

including bioregulation of the percentage of rubber in the plant, The
chemical bioregulator DCPTA [2~(diethylamin)ethyl 3,5~diisopropyl phenyl
ether}, in particular, has been observed to lncrease the rubber yleld

of guayule (Yokoyama et al.,, 1977; Hayman et al., 1983; Yokoyama et al.,

1983; Hayman et al,, 1987), DCPTA reportedly stimulates the activity of
enzymes involved in rubber synthesis (Benedict et al,, 1983; Benedict et

al., 1985), but its effectiveness is thought to be limited by the capa-

city of the parenchyma cells in the stem to store the rubber thus N
synthesized (Yokoyama et al., 1983).

Another appreoach to increasing rubber yields has been through hybridiza-

tion of guayule with other Parthenlium specles which have much higher

biomass yields, though lower rubber content, than guayule (Rollins,

19463 Tysdal, 1950; Youngner et al,, 1986; Naqvi et al., 1987)., Fj

hybrids resulting from these crosses generally have blomass and rubber -
content intermediate to the parents (Naqvi et al., 1987). It 1s postu- '
lated that the stem parenchyma cells of these hybrlds and their non-

guayule parents may have a capaclty to store more rubber than they

naturally produce, in which case, DCPTA may be able to stimulate rubber
synthesls and consequently increase rubber content.

The present experliment was designed to test the effectiveness of DCPTA in
promoting increased rubber yleld of guayule, several other Parthenium
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species, and a hybrid resulting from the mating of guayule and P. tomen-
tosum, In addition, we wished to compare rubber and biomass yields of .
the aforementioned genotypes when grown in the Sonoran Desert of

Arizona.

MATERIALS AND METHODS

Seedlings of Parthenium schottii, P. tomentosum, P. incanum, P. argen-
tatum (cvs. 11591 and 11634) and a putative hybrid of P. toment osum x P.
argentatum (cv. Arizona 101) were started from seed planted on 13
January 1986 and grown in a greenhouse in conditions described in detail
by Allen, et al. (1987). The 70-~day-old seedlings were transplanted by
hand into field plots at the University of Arizona Maricopa Agricultural
Center, Maricopa, Arizona, on 27 March 1986, where the soil type is a
Mohall sandy loam (fine-loamy, mixed, hyperthermic, Typic haplargid)
(UspA, 1975).

The plants were furrow-irrigated immediately following transplantation
into the field plots, at approximately two-week intervals thereafter
through October 1986, then at approximately monthly intervals through
February 1987,

The field plots were arranged in a split-plot design, with bioregulator

treatments as main plots and genotypes as subplots. The treatments were
replicated three times. Each individual plot consisted of a total of 18

plants in three 4.0 m rows on raised beds. The beds were spaced 1 m

apart and plants within each bed were spaced 0.7 m apart. .

The bioregulator DCPTA was applied to the plots a total of six times,
three in the spring (May 28 and June 4 and l1) and three in the fall
{September 16, 23, and 30) of 1986, when the plants were observed to be
vigorously growing. DCPTA was applied in two concentrations, 300 and
600 mg L1, based on previous studies at this laboratory (unpublished
data) and another (Paterson-Jones, 1985) that indicated that higher con-
centrations damaged leaf tissue and reduced growth, Each treatment
solution, as well as a distilled~water control, contained 0.01%Z Tween 80
as a surfactant (Aldrich Chemical Co., Inc,., Milwaukee, WI)., Treatment
solutions were applied only on calm, clear days between 0800 and 0900
hr, local time, using a 10 L hand~held sprayer, until the sclutions
completely covered and were dripping from the adaxial leaf surfaces.
Approximately 45 ml of solutlen were applied to each plant on each
treatment date.

Five plants, Including most of the roots, from the middle row of each
plot were harvested and their fresh welghts measured on February 4,
1987. Rubber and resin contents of four of these plants from each plot
were measured according to the procedure of Black et al., (1983). The
other plant from each plot was oven-drled to constant welght, and its
moisture content calculated and used to estimate dry weight of the four
other plants harvested from the same plot. This procedure was necessary
‘because oven-drying of guayule can lead to rubber degradatien.
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The amount of rubber per plant was calculated from dry weight and per-
cent rubber data. An analysis of variance (ANOVA) was performed on the
data for each of the aforementioned parameters. Least significant dif-
ference treatment mean separations were conducted for those factors
found to be significant at P < 0.0l with the ANOVA.

RESULTS AND DISCUSSION

As can be clearly seen from the ANOVA summary in Table 1, the DCPTA
treatments did not significantly affect biomass, rubber content, resin
content, or rubber yield per plant. Although other studies have shown
that DCPTA can, under certain circumstances, increase rubber yield, ours
is not the first study in which guayule did not respond to DCPTA treat-
ment. Bucks et al. (1985) found no significant effect of DCPTA on
rubber yields or rubber content of field-grown guayule and Paterson-
Jones (1985) reported that DCPTA was detrimental to guayule growth and
ineffective at increasing rubber content.

Furthermore, even in those studies where DCPTA effectively increased
rubber yields, the yield components affected by DCPTA differed., In some
studies, DCPTA has been reported to increase the percentage of rubber in
the plant (Yokoyama et al., 1877); in other studies, however, DCPTA
increased rubber yield by increasing plant biomass, leaving percentage
rubber content unchanged (Hayman et al., 1981).

A lack of consistent and repeatable results from bioregulator studies is
not unusual. Bhalla (1981) described results from experiments with the
growth regulator triacontancl as consistently inconsistent.”™ Another
growth regulator, mepiquat chloride, produced inconsistent results when
applied to cotton (Briggs, 1981); the effects were highly sensitive to
environmental conditions. A similar inconsistency of effect appears to
be true for the bioregulator DCPTA and may limit its use for commercial
applications unless specific envireonmental conditions under which DCPTA
applications prove successful can be identified. Unfortunately, environ-
mental conditions in our experiment and the other experiments concerning
DCPTA application to guayule cited in this paper were not monitored or
reported, making such ldentificarion difficultc.

Table 1 also shows that there were significant differences among geno-
types in plant biomass, percent rubber, and rubber yleld per plant. The
mean values of these parameters are shown in Table 2. Arizona 101 and
P. tomentosum produced approximately three times as much biomass as all
other genotypes; but the two P. argentatum entries had significantly -
higher percent rubber than the other genotypes. It 1s Iinteresting to
note that the hybrid Arizona 101 had 2.47% rubber, approximately midway
between the parental genotypes, P. argentatum and P. tomentosum. The
combination of high biomass and intermediate percent rubber caused
Arizona 101 to have significantly higher rubber yield per plant (l3.7 g)
than all other genotypes. The next highest rubber yleld belonged to P.
argentatum, with an average of 7.6 g rubber per plant, 45% less than -
Arizona 101. Rubber ylelds of the other genotypes, P. tomentosum, P.
schottii, and P. incanum, were all less than one-tenth that of Arizona
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101 due to their low percent rubber content. The favorable performance
of Arizona 10l suggests that interspecific hybridization is a valuable
breeding tool for increasing guayule rubber yield.

This study resulted in two significant findings. First, the bioregula-
tor DCPTA was found ineffective at increasing rubber yields of guayule
or several other Parthenium species, either via increased biomass or
increased rubber content when the plants were grown in environmental
conditions of the Sonoran Desert of Arizona. Second, the interspecific
hybrid Arizona 101 produced significantly higher rubber yields per plant
than all other genotypes after the first year's growth. This study,
therefore, confirms previous reports suggesting the utility of inter~
specific hybridization as a method for increasing guayule rubber yields.
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Table 1. Summary of statistical significance from ANOVA's
for plant blomass, percent rubber, and rubber
yield per plant,

Error Mean Square
Degrees of Plant Percent Rubber

Source Freedom Biomass{g) Rubber Per Plant{g)

Blocks 2 9,935 .13 .63

DCPTA 2 2,867 .04 .89

Error 1 4 8,864 .13 2.36

Genotype 5 420,300%%* 40.17%%* 258,90%%

DCPTA X

Genotype 10 5,878 .03 3.12

Residual 30 5,400 .12 2,51

*#% gignificant at P < 0.01.

Table 2. Effect of DCPTA on plant biomass of several Parthenium
species,
Plant Biomass(g)

Parthenium DCPTA Treatment
Species Control 300 mg Ll 600 mg Ll Mean
P. schottii 190 139 205 178 al
P. tomentosum 594 654 618 622 b
P. incanum 179 204 197 194 a
P. argentatum

cv. 11591 291 127 169 196 a )

cv. 11634 193 141 191 175 a
P. tomentosum X
P, argentatum

cv. Arizona 101 578 607 568 584 b

1 Means followed by same letter are not significantly different
0.01 level by LSD test.

at
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TITLE: DIRECT SEEDING FOR ECONOMICAL GUAYULE RUBBER PRODUCTION

N CRIS WORK UNIT: 5344-13230-001

spc: 2.3.04.1
1.3.03.2.4d

INTRQDUCTION

Commercial.production of guayule (Parthenium argentatum Gray) has been
hindered by expensive or inappropriate agronomic practices, partic-
ularly the techniques associated with stand establishment. Guayule is
presently being established through the transplanting of greenhouse-
grown seedlings into the field. The cost of this establishment,
including greenhouse and transplanting procedures, was estimated in
1985 to be from $900 to 51200 per ha. The development of direct
seeding techniques could reduce this in half. Recent studies with
guayule direct seeding indicate acceptable stands can be established
through better field management and the control of environmental
conditions,

Four years {1983, 1984, 1985 and 1986) of direct seeding studies of
guayule in Yuma Arizona and Maricopa Arizona have provided researchers
with sufficient data to justify the elimination of nonconditioned
guayule seed and the exclusive use of the superior~performing seed
conditioned with polyethylene glycol (PEG), gibberellic acid (GA) and
light. The direct seeding historic data also points to a need to study
the interactions between irrigation water applications, row cover
treatments, and cultural practices.

Spring and fall 1987 direct seeding experiment were conducted at the
Maricopa Agricultural Center, University of Arizona, Maricopa, Arizona,
on a Casa Grande sandy loam soil. The objective of this study was to
continue examining the effects of synthetic and natural row shade
covers and specific direct seeding methods using conditioned seed only.
In addition, a comparison of seedling growth was made between directly-
seeded guayule and greenhouse-grown guayule transplanted into the plots
adjacent to the spring 1987 direct seeding experiment.

FIELD PROCEDURES

Spring 1987

The field, which was 14 m (twelve beds) wide and 185 m long, was
divided into four replications and eight horizontal row cover treat-
ments (A} bare soil, (B} first wheat planting cover crop, {C) second
wheat planting cover crop, (D) Agronet coextruded polypropylene/nylon
(10% solid shade cover), (E) Reemay spun-bounded polyester (20% solid
shade cover}, (F} polyshade cloth (40% solid shade cover) (G) polyshade
strips (40% shade, 300 mm wide strips) and (H) American straw mat (25
mm thick, solid shade cover), as main plots. The three vertical
planting methods were (FI) surface fluid drilling of conditioned,
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same range as the two highest ranked survival rate treatments, but were

unable to establish or maintain acceptable stands of guayule seedlings

because of competition for water by wheat plants and extreme environ- .
mental conditions.

Average weekly air temperature, relative humidity and solar radiation
readings on no cover and on one or both wheat cover crops are presented
in Table 1. The data collected can be used to make some general
observations over the one month establishment period. The wheat crop
covers provided some of the desired conditions for guayule establish-
ment. They reduced the gross solar radiation by an average of 31% over
the no cover treatment and the open canopy provided adequate sunlight
for normal plant development. The wheat covers also reduced the
maximum bare soil temperature levels by 3.3 degrees € and minimum by
1.8 degrees C over the one month period and increased the maximum
relative humidity by 48% over the no cover treatment. As can be seen
on Table 2 the wheat cover crops provided for average soil temperatures
in an acceptable range, but soil water depletion by the actively
growing wheat resulted on a deeply crusted seed bed and an inadegquate
supply of water during critical growth stages (Table 3).

Further studies were conducted on the effects of plant water stress for

five selected row cover treatments: no cover, first wheat, Agronet,

polyshade cloth and American straw mat. Plant water potential sum-

maries obtained on three selected dates are presented in Table 5.

Seedling water potential readings were obtained with thermocouple

psychrometers, cotyledon {under surface, 5 nm above ground} and 5 mm

air temperatures by individual thermocouple leads and soil surface .
temperature with an infrared temperature sensor. The readings present

the seedling response to the interaction between extreme environmental

conditions and the specific row cover treatment.

When averaged over the three reading dates, the first wheat cover
exhibited extreme symptoms of water related stress with a seedling
water potential 30% lower than that of the no cover treatment, and an
elevated cotyledon temperature. The environmental readings indicated
an extreme soil moisture depletion in the wheat (5.5% moisture by
weight at the 0-30 mm depth) and elevated 5-mm—above—ground and soil
surface temperatures {(Table 5). The soil surface temperature was
moderated because of the wheat canopy shade effect. Of particular
interest is the response of seedlings under the Agronet shade cover.
These seedlings exhibited the lowest seedling water potential (-12.9
bars) (Table 5), but at the same time, experienced the highest overall B
S~mm—-above~ground and soil surface temperatures and a high cotyledon-
undersurface temperature. Given these extremes, acceptable stands of 7
seedlings per meter were still achieved.

The soil moisture content for the Agronet was low, but in the accep-
table range. This indicates that guayule can be established under

extreme above ground temperatures, given adequate so0il moisture and a
shade cover that provides elevated above ground temperatures, traps
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the eleven counting dates for each row cover treatment indicate the
following trends in the 0~30 mm depths. American straw mat maintained
the highest percentage soil moisture {Table 3} throughout the experi-
ment with a high survival rate of plants (third highest ranking). This
high spring 1987 survival rate is attributed to the fact that, in this
instance, the straw mat was laid in direct contact with the seed bed,
allowing the seedling the opportunity of growing up through the straw
mat. It also eliminated the damp dead airspace created by the fall
1986 20 mm deep corrugated seed bed.

The soil moisture percentage remained about the same between the shade
cover and shade strips at the 30-50 mm level, but at the 0-30 mm level
the polyshade strips remained much drier, as much as 30% drier in the
last month of the experiment, During this time, polyshade strips
exhibited a 25% increased survival rate over the polyshade cloth. The
remaining two synthetic row covers (Agronet and Reemay) performed well.
The Agronet survival rate was slightly higher than the Reemay even
though the Agronet soil moisture percent was quite low during the
experiment (Table 3). The three driest row cover crops, no cover,
first wheat planting and second wheat planting maintained the lowest
s0il water content, sometimes dropping to four to six percent soil
moisture by weight. The average rate of these three treatments was B83%
less than the lowest synthetic (Reemay) cover (1.2 vs 7.3 seedlings per
meter). The two wheat crops were actively growing during guayule
establishment and depleted the moisture available to the guayule
seedlings. The extreme die off of seedlings in the no cover plot was
caused by intense direct solar and reflected radiation, lack of
moisture at critical periods and salt accumulations.

Soluble salt levels were significantly higher in these three driest
treatments during the last week of sprinkler irrigation and the first
flood irrigation {(Fig. 2). The soluble salts for the three treatments
went from an average of 1568 mg per 1 on April 27 to 3902 mg per 1 on
May 8. The average soil moisture content (0-30 mm) for the three went
from 7.6 to 5.0% weight per volume between the same two dates. On May
29 the no cover total soluble salt level exceeded 6000 my per 1.

Average weekly soil temperatures on the eight row cover treatments are
presented in Table 1. As during the fall 1986, the soil temperatures
resulted from the very specific conditions under each individual row
cover treatment. In the spring of 1987 the row cover treatment with
the highest germination and survival rates were ranked from highest to
lowest: polyshade strips, polyshade cloth and, and American straw mat,
with a survival rate of from eight to nine seedlings per meter. The
soil temperatures and soil moisture contents vary greatly between the
three treatments (Table 2 and 3), but under these row covers provided a
suitable environment for guayule germination and establishment. The
Agronet and Reemay row cover treatments also provided an environment
suitable for guayule germination and establishment of seven to eight
plants per meter despite having the highest soil temperature of all the
treatments and varied soil moisture content. The no cover, first wheat
and second wheat row cover treatments maintained temperatures in the
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imbibed seed, vermiculite covered; (FNI} surface fluid drilling of
conditioned, nonimbibed seed, vermiculite covered; and (PP} 0-5 mm .
deep, no vermiculite, planting of conditioned, nonimbibed seed by a

NIBEX cup feed distribution system, precision planter.

The two wheat row cover crops were planted on the outside edge of the
beds. The first wheat planting was on January 22 and the second wheat
planting on February 12. The wheat beds were planted at a rate of 126
seeds per meter with a Stanhay cone planter. The first and second
wheat plantings received 100 mm post-plant irrigations. The wheat
treatments were harvested on June 12 with the first vwheat yielding 1292
kg per ha and the second wheat 983 kg per ha.

Conditioned seed was planted on April 7 at a rate of 46 seeds per
meter, when the wheat plants were between 360 and 430 mm high. The
seed was planted in 20 mm deep corrugations in the center of the beds,
except for the American straw mat bed, which was left flat to provide
direct contact between straw and seed bed. The conditioned seeds were
treated by the Plant Molecular Genetics Laboratory, Beltsville,
Maryland, using 25% polyethylene glycol (PEG, MW B000, an osmoticum to
prevent water uptake injury), 0.2% Thiram fungicide, adjusted to pH 8
with a saturated solution of Ca{OH)2, 0.5 mg per ml KNO3 {an oxidant},
and .001 M gibberellic acid (GA, a growth hormone enhancing elonga-
tion} under a continuous light treatment for three to four days
(Chandra et al. 1986). The conditioned seeds had a maximum laboratory
germination rate of 79%. Row cover treatments were positioned over the
appropriate treatment after seeding. A same-day irrigation was applied .
using a solid-set sprinkler system equipped with 3.2 mm inside diameter
nozzles, spaced every 9 m along the pipeline. The irrigation schedule
was dally for the first five days and then every second day for the
remaining fifteen days. After establishment, flood irrigations were
applied to extend the remaining five row cover treatments into a
comparative study between field grown plants and transplanted seed-
lings.

Fifty 1bs per acre ammonium nitrate fertilizer was applied (side
dressed) on May 7. An application of Spectracide brand, 5% Diazinon
granules at a rate of fourteen lbs per acre was made on April 10 to
control a minor infestation of crickets and grasshoppers. Data
collected included irrigation water applied, precipitation, meteorolog-
ical data, soil moisture content, total soluble salts, scil temperature
and plant stress data (Tables 1, 2, 3 and 5). Information was also
recorded on seedling establishment and survival rates in the eight row
cover treatments, taken 14, 31, 44, and 64 days after planting (Table
4).

aAs in the Fall 1986 experiment, a small duplication area was set up
representing all treatments except the first and second wheat. A
meteorological station equipped with a Campbell Scientific CR-21X data
logger and multiplexer, measured air and soil temperatures, and bare
soil net and solar radiation. In the first wheat plot a CR-21 data
logger was set up to monitor soil temperatures and below canopy air
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temperature, relative humidity and solar radiation. In the second
wheat plot a CR-21 data logger was set up to monitor below canopy
height temperature, bare s0il air temperature, relative humidity, solar
radiation, wind speed and second wheat so0il temperatures. These hourly
measurements were converted to daily totals and averages (Tables 1 and
2).

Fall 1987

A sudan grass row cover crop was planted, prior to planting guayule
seed, on the outside edges of the beds on August 31 at a rate of 46
seeds per meter with a Stanhay cone planter. The sudan grass received
two 100 mm flood irrigations following planting (September 1 and 21),
and was sprayed with a contact herbicide when 600 mm tall {September
22) to provide a crop-residue shade treatment.

The field, which was 56 m (48 beds) wide and 108 m long, was laid out
in a strip-split plot statistical design with four replications. The
first vertical strip treatments {row covers) were (NC) no cover, {CR)
sudan grass shade crop residue and (SC) black Agronet coextruded
polypropylene/nylon (solid cover, 20% shade); the second vertical strip
treatments (irrigation levels) were {I-~1l) wet, (I-2) medium and {I-3)
dry. Subplot treatments {planting depths) were (P-1)} soil surface and
(P-2} 10 mm deep. A preplant application of Diazinon granules was
applied to the center of the beds at a rate of 17 kg per ha (15 lbs per
acre). The surface and 10 mm deep seed was planted with a two row
5v.255 GASPARDO vacuum planter at a rate of 46 seeds per meter (Figure
6)0

The guayule seed was planted on September 30, 1987, on the soil sur-
face, or 10 mm deep and covered with soil. The seed was conditioned at
the Plant Molecular Genetics Laboratory, Beltsville, Maryland in the
same manner as the spring 1987 conditioned seed. The conditioned seed
had a maximum germination rate of 52%. The Agronet row cover was
positioned over the appropriate treatment after seeding., No fertilizer
was applied. An infestation of flea beatles, corn ear worms and cabbage
worms from adjacent fields of cotton and vegetable crops resulted in
the applications of liquid Diazinon {(.950 L per 190 L of water)} on
October 5 and liquid Lannate {1.2 L per 190 L of water) on October 7,
8, 10, 12, 15 and 20.

Irrigation water was delivered through 10 mil Chapin Twin Wall IV drip
irrigation tubing, outlet spacing every 150 mm (6 in), delivered at -
0.093 L per min per meter (75 gpm per 100 linear feet). Water applica-
tions were measured through a 25 mm (1 in) diameter propeller-type

water meter. All plots were irrigated daily for the first five days,

then every 2 (1-1), 4 (I-2) or 6 (I-3) days, followed by every 3 (I-1},

6 (I-2) or 9 (I-3) days (Table 9}.

Data collected included irrigation water applied, precipitation,

meteorological data, soil moisture content and total soluble salts.
Information was also recorded on seedling establishment and survival
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rates for the three treatment levels ( Figs. 3, 4, and 5). Mean number
of seedlings per 15 m for the row covers treatments, irrigation levels
and planting depths are listed in Table 11. A meteorological station
equipped with a Campbell Scientific CR-21 data logger, measured air
temperature, relative humidity and solar radiation (Table 9}.

Transplant - Direct Seeding Comparison

The direct seeding phase of the experiment was completed on the June 11
plant count date. Row cover treatments (A} no cover, (B} first wheat
and (C) second wheat were eliminated because of the lack of plants.

All row covers had been removed from the remaining five treatments: (D)
Agronet, (E) Reemay, (F) polyshade cloth, (G) polyshade strips and (H)
American straw mat by May 21. The plants in these five treatments were
carried over and used in a comparative experiment with greenhouse grown
transplants.

The greenhouse grown plants were started from nonconditioned guayule
seed on the same day the field direct seeding experiment was planted
(aApril 7). The transplant treatments consisted of plants grown in the
U.S5. Cotton Research Center, Phoenix, Arizona greenhouses under
enriched CO, and with no CO,, and plants grown in the U.S. Water
Conservation Laboratory, Phoenix, Arizona greenhouse with no o, .

Table 7 lists the planting methods and will be referred to hereafter as
(CRC €O,), (CRC no €O,} and (WCL no COZ).

The guayule seeds were planted in a peat, vermiculite and pearlite
potting soil and transferred to speedling trays when in the two to
three leaf stage and then fertilized with Hoagland’'s fertilizer
solution every seven to ten days. The transplants were planted on June
10 in the 14 m hy 22 m site previously used for the direct seeding
experiment CR-21X meteorological station row cover treatment dupli-
cation area. Surface flood irrigations were scheduled to establish the
greenhouse transplants and maintain existing field direct seeded
plants. Precipitation for this period was 27.2 m (Table 6). Data
collected included plant counts, plant growth, rubber and resin
cantent, soil water content and total soil salts. Growth rates were
recarded monthly, for four months, from the day the greenhouse grown
seedlings were transplanted (Table 7).

RESULTS AND DISCUSSION

Spring 1987

The total irrigation water applied was 150 mm from April 8 to May 6
with no measurable precipitation noted. The spring 1987 establishment
irrigation amount was a departure (50% increase) from a drier irriga-
tion regime in the summer of 1986, primarily to provide a moist bed for
the 0-5 mm deep planted, conditioned, nonimbibed seed and provide
adequate moisture for actively growing wheat row cover crops. The
added spring 1987 irrigation level did promote high overall germination

Annual Report of the U.S. Water Conservation Laboratory



41

and survival rates in precision planted rows, but was detrimental to
the fluid drilled, imbibed rows (Fig. 3, 4 and 5). The two-weeks-
after-planting seedling counts, revealed that the spring 1987 precision
planted, conditioned seed treatment had a survival rate 65% higher than
the best summer 1986 treatment (conditioned fluid drilled seed in wheat
cover, under dry irrigation).

Table 4 presents quayule seedling counts for four selected dates.
Guayule seed germination {initial emergence) was essentially complete
for the fluid drilled, imbibed seed on April 13, six days after
planting, and on April 17, ten days after planting for the fluid
drilled nonimbibed and precision planted nonimbibed seed. Figures 3,
4, and 5 represent guayule seedling counts on the number of plants per
15 m distances for three planting methods across eight row cover
treatments, replicated four times.

The first month establishment period and the following survival period
presented fairly consistent trends between the planting methods and
eight row cover treatments. Limited reference is made of row cover
treatments A (bare soil), B (first wheat) and C {second wheat) because
of unsatisfactory survival rates., The remaining five row cover
treatments D {Agronet), E {Reemay), F (polyshade cloth), G {polyshade
strips) and H (American straw mat) were carried into October as a part
of a comparative study including greenhouse grown transplants. The
first establishment plant count did not include the H {(American straw
mat) row cover treatment because the guayule seedlings had not emerged
through the straw mat.

For the three planting methods FI (fluid drilled, imbibed), FNI {£fluid
drilled nonimbibed) and PP (Nibex precision planter), the precision
planted seeds had an average of 85% increased plant emergence and
survival rate over the combined average fluid drilled seed (Table 4).
The trend, over time, was for a slight die off of seedlings during the
first month establishment period, followed by a dramatic decline into
the second month and then a more gradual die off (Table 4). Stand
counts for the five row cover treatments carried into October are given
in Figs. 3, 4 and 5 for the three planting methods. For the specific
row cover treatments averaged over the three planting methods the
survival ranking remained constant from the first count, taken two
weeks after planting, and the final count, taken seven weeks after
planting (Table 4). Final count, ranked from best to worst, were as
follows; G (polyshade strips) 10.6 seedlings per meter, F (polyshade
cloth) 8.5 seedlings per meter, H (American straw mat) 7.2 seedlings
per meter, D {Agronet 7.7 seedlings per meter, E (Reemay 7.2 seedlings -
per meter, C (second planted wheat) 1.7 seedlings per meter, B (first
planted wheat) 1.6 seedlings per meter, and A (bare soil) 0.3 seedlings
per meter.

The soil water content measurements for the eight cover treatments are
shown in Table 3. The samples were taken prior to irrigations on
twelve collected dates at 0-30 and 30-50 mm depths, including a
preplant sample which reflects a field average. The mean rating over
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some evaporating moisture, reduces UV radiation and proteéts the
seedlings from wind and blowing soil particles.

Fall 1987

The total irrigation water applied for the three irrigation levels was
63.5 mm {I~-1), 43.2 mm {I-2} and 35.6 mm (I-3) from October 1 to
October 28 with a total of 37.6 mm precipitation. At the 0-20 mm soil
depth, the soil water data reflects the anticipated overall water
content trends under the three row cover treatments, ranked from high
to low: Agronet, bare soil and sudan grass, and three irrigation
levels, ranked from high to low: wet, medium and dry. Historical data
and actual plant response to irrigation levels indicated that the wet
and medium treatments provided too much water to the seedlings, with
the dry treatment providing the most appropriate soil moisture content
(Table 10). Also, the plant count data analysis showed no significant
difference between the three irrigation levels at a .05 confidence
level. 1Irrigation water and total soluble soil salts were in an
acceptable range throughout the experiment with an average of 696 ppm

irrigation water and an overall field average of 1257 ppm total soluble

salts in the soil (Fig 2).

Table 11 presents mean seedling survival rates for the three treatment
levels for five selected dates. Guayule seed emergence {initial

emergence) was first noted four days after planting and was essentially

completed on the sixth day. There was a significant difference in
plant survival between the two planting depths and between the three
row cover treatments (Figs 3 and 5). Irrigation levels presented no
significant differences in stand establishment. On the final count
date (November 5) the 10 mm deep treatment showed a survival rate 59%
higher than the 0 mm depth (5.5 vs 3.5 seedlings per meter). On the
same counting date the Agronet and no cover treatments survival rates
were essentially the same (5.7 vs 5.5 seedlings per meter), but both
Agronet and no cover row cover treatments resulted in a 150% increase
in stand over the sudan grass (5.6 vs 2.3 seedlings per meter).

A comparison between the optimum, comparable treatments between Fall
1987 (Agronet, precision planted, 10 mm deep over three irrigation
levels) and spring 1987 (Agronet, precision planted, 0-5mm deep one
irrigation treatment) shows a decline in seedling survival in the Fall
1987. By the second week after planting, the Fall 1987 count showed a
41% lower survival rate than the spring 1987 count (13.3 vs 22.7
seedlings per meter), and four weeks after planting the difference was
75% lower (5.7 vs 23.3 seedlings per meter). The differences reflect,
in general, more suitable planting conditions for guayule in the
spring. In the spring in central Arizona we have a much lower insect
population, warmer, more stable temperatures and reduced wind duration
and intensity.

The Fall 1987 weather data (Table 9) is limited, but does present the
drop in above ground temperatures and increase in relative humidity
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through the month of October and the precipitation and associated
cloudy days during the second and fourth weeks of the month.

Transplant - Direct Seeding Comparison

Differing cultural and/or environmental factors between the CRC and WCL
greenhouses produced, on the average, 200% larger (by weight) plants in
. the CRC greenhouse, regardless of CO, levels. On transplanting day the
CRC CO, and no CO, plants were 100% iarger {by weight) than the field
direct seeded plants but by the end of the four month experiment
(Octocber 14) the field direct seeded plants were 18% larger (by weight)
than the averaged CRC CO, and no CO, plants (Table 7). The CRC CO,
plants had a dry weight 0% heavier’ than the no €0, plants on June 10
but only 5% heavier on October 14. The values glven for the root
concentrations (gm dry weight/mm root length) relate only to the fact
that the field direct seeded plant roots were typically well formed
aggressive taproots. Whereas the CRC and WCL transplants were a more
fibrous, shallow growing root system with resultant higher root
concentration values. ©On the final sampling date, plants were har-
vested for rubber and resin analysis (Table 7). The field direct
seeded, six month old whole plants contained 20% more rubber than the
average combined CRC €O, , CRC no CO, and WCL no co, plants {1.6% vs
1.3%).

Following the field establishment of the transplants, the soil water
content readings were similar between field direct seeding and trans-
plant plots. Total soluble soil salts remained within acceptable
levels at the 0-75 mm depth (Table 6). Table 8 presents the survival
rates of six month old field direct seeded plants and greenhouse
started transplants from date of transplant {June ll) to end of
experiment (October 14). At a .36 m (14 inch) spacing (45 plants/m)
the CRC CO, plants had a survival rate equal to the combined five row
cover cr0p treatments {81%). The averaged CRC no CO, and WCL no CO,
plants survival rate was 28% lower that the CRC CO, plants (64% vs
82%).

This lower survival rate can be explained, in part, by the measurements

and observations at transplanting {Table 8). The CRC no CO, and WCL no
CO, plants were on the average 50% smaller on weight and had less
developed root systems than the CRC CO, plants. For all treatments,
the stand in plants/m was in an acceptable range. The field direct
seeded plants had an average of 7 plants/m, the CRC CO, had 2.5
plants/m and the CRC no CO, and WCL no CQ, had 2 plants/m.

SUMMARY AND CONCLUSIONS

Spring 1987

The ability to establish uniform plant stands of guayule has been
enhanced with the use of natural and synthetic row cover crops. The
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benefits of using seed conditioned with polyethylene glycol, gibberel-
lic acid and light are now well established and the spring 1987
experiment indicates precision planting of nonimbibed, conditioned seed
may be superior to planting by fluid drilling methods. In the spring
1987 in Central Arizona, precision planted nonimbibed seed out-per-
formed the fluid drilled imbibed and nonimbibed seed. The precision
planted polyshade strips, polyshade cloth and American straw mat
provided excellent stands of guayule, the Reemay and Agronet had
acceptable stands, and the no cover, first wheat and second wheat
unacceptable stands, Water management was a problem during the spring
1987 experiment. Even under a program of frequent, higher application
rates of water, the soil moisture content dropped rapidly two weeks
after planting, The total irrigation amount of 150 mm for the month
was also an inadequate amount to establish guayule in a nurse cover
crop of actively growing wheat. The wheat, itself, utilized the
irrigation water, yielding 1293 kg per ha for the first planting and
938 kg per ha for the second planting.

Fall 1987

As in the spring 1987, guayule seed was planted under a synthetic row
cover as well as a shade crop residue to test the ability of these
treatments to enhance the establishment of conditioned, nonpreger-
minated seed. Additional variables were included to examine the
effects of irrigation levels and a 10 mm planting depth. One month
after planting, the 10 mm planting depth had on average 5.7 seedlings
per meter as opposed to 23.3 seedlings per meter for the comparahble
spring 1987 Agronet row cover treatment and 9.3 seedlings per meter for
the spring 1987 no cover treatment. The fall 1987 stand count failed
to take into account the anticipated loss of 50% or more of the plants
through the fall and winter. The sudan grass shade crop residue’s poor
performance can be attributed to a number of factors., The first being
the infestation of corn ear worms and cabbage worms that became
established in the crop residue and under the drip tubing, Secondly the
sudan grass disintegrated during the first week of planting due to
extremely high winds, because it failed to develope rigid stalks at the
desired height and canopy development stage. The irrigation level data
indicated a need to develop optimum scheduling of irrigation amounts
and timing. A guayule direct seeding study in the spring of 1988 at
Maricopa, Arizona, will examine the effects of six irrigation levels
and three row cover treatments; (1} no cover, {2) vermiculite mulch
cover and (3) Agronet coextruded polypropylene/nylon cloth (20% shade)
on seedling establishment.

PERSONNEL D. A. Bucks, Don Powers, F, 5. Nakayama, W. L. Alexander,
D. H. Fink, Ken Patterson, and S§. G. Allen;
0. F. French, University of Arizona, cooperating
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Table 2. Guayule seedling counts per a 15 m distance for four selected dates with eight row
cover treatments and three planting methods in the Spring 1987 at the Haricopa

Agricultural Center.

Variables

4121

Counting Dates .Final

5/8

5/21

6/10 Rankh/

Row Cover Treatment l/

No. of Seedlings per

15 m Distance3/

(A) No Cover (check) 89 75 7 5 8
(B) First Wheat Crop 113 50 a6 24 7
(C) Second Wheat Crop 92 49 38 26 6
(D) Agronet (10% shade) 182 160 122 117 4
(E) Reemay (20% shade) 186 160 133 110 5
(F) Polyshade Cloth (40% shade) 205 201 139 129 2
(G) Polyshade Strip (40% shade) 234 238 174 161 1
(H) Amerfcan Straw Mat - 2f 206 144 118 k|
Surface Planting Methed 2/

(Py) Fluid Drilled, Imbibed

Conditioned Seed 134 126 89 78 2
(P2) Fluid Drilled, Nonimbibed

Conditioned Seed 108’ 103 72 52 3
(P3) Precision Planted,Nonimbihed

Conditioned Seced 229 198 137 119 1

lj Mean of 12 counting plots (three planting methods times four replications) for each row

cover treatment,

2/ Seedlings had not yet protruded above the straw cover and could not be counted at this

early date.

3/ Mean of 32 counting plots (elght row cover treatments times four replications) for each

surface planting methods.

&/ Ranklng of seedling counts was from highest to lowest.

3/ Planting rate of 46 seed/m.
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Table 3. Soil water contents by weight, X taken before irrigation, for eight rov cover treatment ar 0-30 mm and 30~50 zn
sofl depths in the Spring (987 act the Harlcopa Agricultural Center, Harlcopa, Arizona.

Row Cover Treatment 0-30 om Soil Depth

Date §/71  4/9 _4/13 4/17 4720 4/22 4724 427 5/1 5/4 5/8 5/21 Hean HRank
(A} Ho Cover 5.0 (6.6 7.4 B.1 6,2 S.8 6.5 7.6 9.2 9.3 S.4  11.3 B.5 6
(8} First Wheat o 19,7 B.4 2.1 6.0 4.7 5.0 6.4 9.0 5.5 5.3 7.1 7.7 a
(C)} Second Wheat -—— 22,1 5.5 7.3 7.8 4.8 4.0 3.8 8.3 5.9 4.2 12,0 8.2 7
(n) Agronec — 18,2 9.0 10,2 12,1 i0.% 9.3 T4 8.3 7.4 4,2 7.8 9.4 5
(E) Reenmay - 19,3 14,7 15,3 8.8 7.2 6.9 7.6 1.9 1.7 6.5 9,8 1l.t 3
(F) Polyshade Cloth -—-  19.5 10,9 13.8 8.2 8.7 10.4 10.4 12.4 12.] 9,2 11.0 1.5 2
(G) Polyshade 5trips ~= 19,6 10,0 9.7 7.7 8.4 9.7 8.0 11.2 7.2 5.5 7.7 9.5 4
{#t) American Straw Mag ~-- 20.4 Li,8 17,8 14,7 13,6 1l4.7 16,5 12.9 10.7 7.8 10.4 13,7 1

Hean 5.0 19.4 9.7  ll.4 8.9 7.8 8.3 9.1 10.7 8.7 6.0 9.6
30-50 mm Saill Depth
{A) No Cover 8.0 18.1 15.5 15,1 12,3 1l.4& 13.7 12,3 11.5 1l.1 10,9 15.06 13,1 5
{8) First Wheat ~ws 19,1 12,2 13,7 10.B 8.6 8.7 7.2 12.0 9.7 8.3 15,1 11.4 7
{C) Second Wheat - 22,0 13,1 11.6 12.1 B.7 6.1 i0.2 10.7 10,0 7.1 12,8 11.3 B
{D) Agronet - 19.2 15.1 14,3 13.4, 12.4 14,5 12.6 10.5 8.8 7.2 12.6 12.8 6
{E) Reemay -~ 19,4 17,8 17.5 14,3 13,9 13.6 137 15.2 13.7 12.9 15.5 15.2 pA
{F) Polyshade Clath - 19,3 16,3 16.3 14,7 14,2 14,3 f6.4 14,2 11,2 13,4 13.5 14.9 3
{G) Polyshade Strips w—ew 20,1 16.6 16,4 14,3 1.6 13,8 1l.7 14.0 11.7 1l.4 1Z2.0 14,2 4
{H) American Straw Hae -~ 20.3 14,8 19,0 17,0 1S.4 15.4 16.9 17,8 12.7 13,4 15.1 16.2 1
Mean 8.0 19.7 15.2 10.6 14.0

15.5 13.6 12,3 12.5 12.6 13.2 11.6

l/ Average soill water cantent taken before applying a preplant {rrigotion and begioning of rou cover treatments,

LY
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Table 4. Weekly average 20ll temperatures at 10 and 3O =a aail deprhs for eight row cover treategents in the Spring 1987 at the Maricopa Agricultursl Centef.

ROW COVER TREATHENT/

{A) Ho Cover {B) Firet Wheat Planting {C) Secand Whoat Planting {D) Agroner

1 en 3 co 1 cm 1 em I cn _ 3 cm 1 cm 3 e
Date Max HEpD Avg Hax Hin Avg MHax Hin Avg. Hax Min Avg Max Hin Avg Hax Hln Avg Hax Mln Avg Hax Hln Avg
8 Apr~14 Apr2/ 26,7 10,2 18,3 25,3 119 18,2 25.9 10.2 16,8 25,5 13,3 17,7 27,6 14,5 14,8 25.5 13,0 IB.1 31,5 12.5 20,8 28.3 14.1 120.6
15 Apr«21 Apr 33,2 L1.8 17,1 27,6 13.4 7.0 29,1 2.4 19,0 25.6 3.4 i@.4 29,8 12,2 19.0 26,8 Gt.7 19,2 33,6 11.5 21.9 29.6 14.9 18.3
22 Apr-28 Apr 4,5 6.0 23,4 11,0 17.5 20,0 32,6 7.4 22.B 29,4 17,7 22,0 34,2 16,4 19,3 J0.2 11,5 22,3 17.2 17,1 24.8 12,0 1H.5 24.2
29 Apr-b Harl/ 4.4 16,5 24.1 30,9 18.0 21,8 4.0 17,8 23,8 3l.9 18.% 23.4 33,9 16,2 23.3 1L.5 (7.7 23,2 35,3 V.4 24,7 31,2 1B.5  24.2
Aversge 32,2 13,7 21,5 28,8 15,3 2f.4 31,0 i5.1 21,2 28.5 15.8 20,8 3i.7 14,2 20,8 28,7 15.6 20.9 34,3 15.2 23.1 0.3 16.6 2.7

{E} Reemay {F)} Polyghade Cloth (C) Paiyshade Clath Strips {}{) Ameriecan Straw Hap

1 cm 3 em I em Jcm ) 1 cm 3 cm 1 em 3 em
Date Hax Hin Avg Hax Hin Ayg Max Hin Avg Hax  Hin Avg H?: Hin Avg Hox Hin Avg Hax Mln Avg Max  Hin Avg
§ Apr-14 apc2/ 31,5 13,0 20,9 28,7 3.4 20,7 27.3 Hi.9 18,9 25,3 12,2 16.2 28,2 10,8 18,6 25.4 2.1 18,4 24,7 2.1 1.4 22,6 13.6 1.6
15~Apr-2% Apr 32,8 §3,2 21.4 29,6 11.8 21,2 0.0 (2.3 19,4 26,2 13.4 19.2 30,9 1.7 9.7 27,1 13.2 19,6 25.3 12,6 18,0 22.6 13,7 18.0
22 Apr~28 Apr, 15,4 17.6 24,5 32,5 17.7 24,1 32.1 16.1 22,4 29,1 17.0 22.1 242 15,9 22,9 25,3 r.1 22,6 27,7 16.1 20,8 25,2 i7.0 20,7
19 Ape-b Ap:l! 34,8 17.6 24,6 1.8 17.80 24,3 2.4 16.5 21,1 29.6 17.5 22.9 35.4 16,2 23.8 30.7 17.5 23,5 28,5 6.4 21.5 25,9 17,3 21.4
Average 33,7 15.4 22,9 10,7 15.8 22.6 20,3 14,3 2:,0 27.6 15.4 20,9 32,3 13,7 21.3 28.4 5.1 2l.1 0 26,6 4.4 19.5 24,1 15,4 19.3

i Average of 8 daya {all row caver treatmecta}.

2/ three days dats nlsaing on Firat Wheat Planting {Apc 10, 11, 12},

2! Cuayule aeeds were planted on Ape 7 ond row cover creatmenta Inatalled op the sage day. Straw oat removed on Hay 1ii,
remaining covers removed on Hay 21.
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Table 5. Cusyule secdling water porentlsl, cotyledon temperatura, ai{r tempersture, sofl surface cemperature and goil water content
for three dates prior to irrigationa on five shade creatments Ln the Spring 1987 ac the Maricopa Agricultural Center.

Seadling Water Forenclal Cotylednn, Under Surface Temperature Afr Temperature
~ Bars {5 o Aboveground) “C (5 mm Aboveground) *C

Row Cover
Treataent af12 &2 5)% Mean Ragkl/  &/22  &/27  S5/4  Mean Rankd/ &/22  4/2I7  5/6  Hean Rankd/
{A} Ho Cover ~16,3 ~15.0 ~-15.9 ~15,7 4 15.0 18.4 iB.6 37,3 4 31.5 Jg8.1 13.2  J&.6 2
{B) First Wheat ~l6.5 =19.8 ~24.7 <20.4 5 6.7 6.9 40,0 37.9% 5 - 36,0 Ir.i Je.& 37,2 4
(0} Agronet =11.7  ~13.4 =13.6 -i{Z2.9 1 36.2 37.2 35.13 35.2 k| A7.4 9.1 39,4 8.6 5
{F) Palyshade

Cloth «13.9 -12.8 ~13.8 ~13.5 2 13.8 15.5 4.6 4.6 2 5.4 37,4 19.4  37.1 3
(B} American

Straw Mar -§3.6 ~14.8 =12.7 -131.7 ] 32.2 d.l 33.2  33.2 1 L4 4.6 34.0  31.3 1

Soll Warer Content T By Welght
Soll Surface Temperaturesl/ Prelrrigation Samplea
{Under Row Cover Icteatmeats) *C €0~J0 om Depth) I {30~50 mx Depth} I
4722 4f27 54 Hean Rankd/ 422 427 5/%  Hean Rank4/ 421 4/27  5/4  Hean Rankd/

{A) No Cover 9.4 42.13 43,3 Ai.7 [ 3.8 7.6 9.3 746 4 1.4 11,1 .1 11.6 ]
(B) Flcot Wheat 35.6 7.7 49,9 41,1 k] &,7 5.4 5.5 5.5 5 8.6 1.2 9.7 8.5 5
{D) Agronet 5145 £5.9 43,2 3.2 5 0.1 .4 7.1l 4,2 ] 12.4 12.6 a.8 11.3 4
{F) Polyshade

Cloth 29.8 11,4 0.9 34,7 2 B.7 10.4 12.3 10.3 2 14,2 16.4 15.2 15.3 1
(H} American ‘ )

Straw Har 28,3 Ji.1 33.7 30.4 1 13.0 i6.5 10,7 13,4 1 15.4 16.9 2.7 15.0 2

Az Rankings of seedling water potentlals ia from the loweat o highest water oCresa.

21 a1 tepperatures token with {nfrared thecmomater.

i/ Rankings of cotyledon, alr, and soll temperatures is froa coolest to hottest Leoperabure,
Rankings of eoll water content fe from the wettest to dricet value,

iz

&%
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Table 6. Weekly average woter applicationg, precipttation, aoil water content by welght (X), and total soluble salts mg/l
' for a comparative experiment between dlrect seeded and treansplanted guayule seedlings in the Summer 1987 at Maricopa
Agricultural Center. -

Water Applied Precipitation
{mm) {mm} Soil Water Content by Welghe (I) Total Soluble Salts (mg/l)

Direct Direct Sceded Tranaplanted Direct Seeded Transplanted
Date Seededl/ Transplanted 0-75 om 0~150 wn  0-75 pm  O-150 = 0-75 mm 0~75 mm
Jua & -~ Jun lﬂy' -:-i—, 100 100 - 9.8 13.7 13.9 16,4 1605 1145
Jun 11 = Jun 17 - 150 - - - 15.1 18,0 - -
Jun 18 « Jun 24 - 50 - 1.7 12,1 16,6 19,3 1709 905
Jun 25 -~ Jul 1 - - - - - - : - - -
Jul 2 = Jul B - - - - - - - - - -
Jul 9 = Jul 15 - - - - - - - - -
Jul 16 = Jul 22 - - - - - - - . .
Jul 23 ~ Jul 29 - - 4,8 6.1 8.6 6.4 8.6 - -
Jul 30 = Aug 5 100 100 - - - - - - -
Aug & = Aug 12 - - - - - - - - -
Aug 13 — Ang 19 - - 3.0 - . - - - -
Aug 20 = Aug 26 - - 19.6 3.7 T1.3 10.5 11.6 - -
Aug 27 = Sep 2 100 100 - - - - - - -
Total or Average 300 500 . 27,2 8.3 11,5 12.5 - 14,8 1837 1025

1/ A rotal of 350 rm of irrigation water was applied to the direct aeeding experiment between Apr 7 and Jun 3, prior to the

tranaplant phase.
2/ Taral field precransplant irrigation and pretraneplant eoil water content, and total disaclved polida mamples.

El Tranaplantg field planted on Jun 10, 1987,
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Tabla 7, Seedling growth for direcc weeded and transplanted guayule seedlings in tha Summer 1587 ac the Harieopa Agricultural Center,
Root Concentration VWhole, Six-month-old Plants
Top Growth Sampling Data 100 &= Deep Resin Content Rubber Content
Seadlings __&/10/87 7/14/87 8/12/87 9/10/87 io/14/87 10/14/87 10/14/87
Helght Weight leight Weight Height Welght Height Welght Helght Weight
(mm} (gm) {ma} {gm) {om) (gw) | {ma) {gn) (o) {gm) ga/en b4 4
Pireet Seeded 7 o s .22 20 Y ase 3ad s esad 228/ 4.8 1.6
Transplants
Cacton Reaearch Center
Greenhause, PEyenl:, Al 1/
€02 Enrlched « 10] 0.7 112 2.7 155 7.5 147 Ji.o 227 42.8 18~ 5.6 1.2
Ho COy (Che:k)'i, 112 0.5 117 2.0 142 9.3 132 25.8 151 40.7 Jll! 56 I.4
V.S, Warer Conaervation
Labaratory Greenhouse,
Phoentx, AZ 5 1/
Ho CD; {Check) <~ 7 0.2 14 0.5 100 1.8 147 6. 158 4.8 23 5.8 1.4

Average of three plants per eight row cover treatoente over three planting mathods, direct seeded plants,
Average of three plante per seven fow cover treatments over three planting methods {teo few planta ln no cover
direct seeded plants.

Average of three plants per five tou cover treatments over three plantlog methods (coo few planes in firsr and
wheat cover to mample}, direct aeeded plants.

Average of six plants per counting date.

Average of twelve plants pecr countlng date,

Plants developed tap roctm.

Plantes developed fihrous rooks.

to samplel,

second

1A
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Table 8. Guayule plant counts at two and six months age, reflecting

survival rates over transplant phase of experiment, Summer

1987, at the Maricopa Agricultural Center.

Counting Dates

Survival Rate

Variables 6/11 10/14 &3
No. of Plants per 15 m

Direct Seeded

Shade Treatmental/
Agronet 117 91 78
Reemay 110 102 93
Polyshade Cloth 129 1086 82
Polyshade Strips 161 118 73
American Straw Mat 118 95 a1

Mean 127 102 81

Greenhouse Started Transplanta&f
C02 Enriched 45 37 82
Check 45 29 64
WCL 45 29 64

6/10/87.

1/ Field direct seeded on 4/7/87; no cover, first wheat, and second
wheat eliminated after initial establishment period.
2/ Greenhouse seeded on 4/7/87, and transplanted into £ield plots on
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Table 9, Weekly overage water applicatlon, preclplitation, sir temperatuce, relative humidity and solar
radiation in the Fall 1987 at the Maricopa Agriculture Center, Marleopa, Arizona,

’ Solar Radlation
Warer Applied AMr Temperature Relative Humidity 100 e Height

(mm} Precipl~ 1.2 M Helght 1,2 M Heipght Joules/w?/day
Wet  Medium Dry cation No Cover No Cover No Cover

Date 1 I3 I3 {mz) Hax Min Avgil Max Min Avgil

1oct - 70ct22 30,5 25.4  25.4 - 38.3 13.7 25.2 62,4 7.6 25.2 27,6

8 Dec = 14 Qet 20,3 10.2 5.1 2.0 34.3 14,4 23.6 69,3 14,1 23.6 22.4
I5 Qet =~ 21 Oct 10,2 5.1 5.1 - 33,7 10.5 21,1 67.1 9.8: J2.6 24.2
22 oer - 28 0ceA 2.5 25 - 1.3 30,8 15,3 21.8  B5.% 21.8 57.9 16.3
Totals and Averages 13,5 43,2 35,6 37.6 34,3 13.5 22.9 71,2 7.6 34,8 22.6
i/

All three irrfgation treatments (1j, I, and I3) recelved the asme smounts of water for the Eirst Five
days, Oct 1 - Oet 5.

Irrigation treatments gtarted on Oct & of even 2 (1j), & (I3) and 6 (I3) days.
Pue to excesglve water being applied, irrigation schedule daya extended ta 3 (II), 6 (I3), and 9 (I3) days.
Irrigations discontinued on Oct 22 due to exceaslvely wet soll and precipitation.

Averages reflect averages of 24 hourly readings.

£S
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Table 10.

]
S0i{1 water content by weight, X taken prlor—j to and during irrigation treatmen:sil

for three irrigation levels over three row caver treatments ar 0-20, 0-50, and

0-B0 em soll depths in the Fall 1387 ac cthe Marleopa Agrlcultural Center, Harlcopa,

Arlzona.
0+~20 mm Scll Depch
1/ Date 9/30 10/2 10/6 10/9 10/15 10722 1a/27 Hean Rank
“Row Caver Treatment-
No Cover (NC} 6.2 115 14.9 10,5 7.5 Gl B.4 9.3 2
Sudan Grass {CR) 4,1 13,0 15.2 9,1 7.8 5.6 B.9 9.1 3
Black Agronet (5C) 6.3 14,4 16.7 10,8 10,4 6.9 10.8 10.9 1
Hean 5.5 13.0 15,6 10.1 8.6 642 9.4
Irrigatlon Treatmentszl 3/
Iy Wer o - 16.9 12.4 12.0 8.4 10.1 12,0 H
I2 Hedium - - 15.9 11.0 9.0 5.8 10.2 10.4 2
I3 Dry - - 14.0 6.9 4e5 4,4 7.7 7.5 3
Hean 15.6 10.2 8.5 6.2 9.3
1/ 0~50 mm Soil Depth
Rov Cover Treatment—
No Cover (NC) 9.7 12,4 164 13,5 11,1 11,2 10.7 12,1 2
Sudan Grass {(CR) 5.8 13.2 15.8 14,0 7.1 9.4 10.2 10.8 3
Black Agronet (5C} 7.8 14,6 16.7 13.1 11.8 10,4 11.2 12,2 1
Maan 7.8 13,4 16.3 13.5 10.0 0.3 10.7
Ircrigation Trea:mentegl 3/
I] Het - - 17.1 14.4 13.1 2.1 12,3 13,8 H
12 Hedium - - l6.1 13.4 11.0 10.2 11.2 12.4 2
13 Dry - - 15,8 12,8 8.7 8.8 8.7 11.0 3
Hean 16.3 13.5 10.9 10.4 10.7
17 0~80 om Soil Depth
Row Caver.Trezatmeal—
No Caver {NC} 11.0 13.4 16.9 14,4 12,0 11.9 12,1 13.1 1
Sudan Grass {(CR) 649 13,1 15.9 12.8 11.7 10,6 11.5 11,8 ]
Black Agronet (SC) 9,5 14.4 16.9 14.3 12,9 11.0 11.8 13.0 2
Hean 9.1 13.6 16.06 11.8 12.2 1142 11.8
Irrlgation Trea:menfsaf /
I} Wet E - 17.0 15.4 14.1 12.% 16.13 15.1 1
I7 Hedlum - - 16.7  l4.4  12.5 10.7 11.7 13.2 2
I5 Dy - - 16.0 11.7 10.0 g,8 10.4 11.6 3
Hean 166 13.8 12.2 11.1 12.8
“J Averaged over three irrigation treatments.
Ej Averaged aver three shade cover treatments.
2! Itrigaclon treatments not started until 10/5/87,
4/

- Iy, I2, and I treatzent levels recelved the same amounte of water during the first Elve

days after planting.

i
i“-.

Irrigation treatoents started on 10/5/87.
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Table 1l. Guayule seedling counts per a 15 m distance for five selected
dates with planting depths, row cover treatments, and irri-
gation levels at Maricopa Agricultural Center for conditioned
cv. 11591 seeds planted on September 30, 1987,

Counting Dates

Treatmentsl/ 10/8/87 10/15/87 10/22/87 10/29/87 11/5/87
Planting Depth
0 mm 127 A% 88 A 65 A 57 A 52 A
10 om 202 B 148 B 111 B 97 B 83 B

Row Cover Treatments
Agronet (20% Shade,

Full Cover) 192 A 152 A 114 A 102 A Ba A

No Cover 171 AB 133 A 109 A 94 A 83 A

Crop Residue 130 B 70 B 41 B 34 B 34 B
Irrigation Levels

I1 (Wet) 174 A 122 A 85 A 69 A 62 A

I7 (Medium) 160 A 122 A 88 A 78 A 68 A

I3 (Dry) 160 A 111 A 92 A B3 A 75 A

1/

-~ Mean of seventy-two counting plots (four replications times two
planting depths times three row cover treatments times three
irrigation levels.

* Means followed by the same letter are not significantly different at
the 5% level,
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GUAYULE DIRECT SEEDING NT
SPRING 1987, MARICOPA, ARIZONA
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TITLE: EFFECT OF MANUAL DEFLOWERING ON RUEBER CONTENT AND BIOMASS OF

GUAYULE
5PC: 2.3.04,1.p CRIS WORK UNIT: 5344-~13230-001
INTRODUCTION

During 1986 a small~scale, preliminary experiment was conducted to
examine the effects of manual deflowering on guayule rubber, resin, and
biomass yield., The study was based on the hypothesis that photosynthate
normally routed to the production of reproductive structures and pro-
cesses might become available for growth and rubber production if the
flowers were continuously removed during the growing season. Such a
hypothesis is supported by another experiment in which deflowering of
guayule had a beneficial effect on rubber yield (Willard, 1986).

MATERIALS AND METHODS:

This experiment was conducted using the outside border rows of another
guayule experiment conducted during 1986 at the Maricopa Agricultural
Center. The field layout and experiemental design are described in
detail in the 1986 Annual Report. In brief, six outside border rows
were used in this study. Three of the rows were deflowered by hand, by
removing flowers from the end of the peduncles, once or twice a week, as
necessary, from the beginning of the flowering period in the spring of
1985 through January of 1986. The remaining rows served as a check.
Three plants from each row were harvested in January 1986 and analyzed
for biomass, rubber content, and maln-stem diameter at ground level.

RESULTS

Table 1 shows the effects of deflowering on rubber content, plant
biomass, and stem diameter. The deflowering processes significantly
increased all three factors compared to the control plants. Rubber per-
cent and biomass were 9 and 29% greater in the deflowered plants than
the check plants, When these two factors are multiplied, the deflow=
ered plants were found to have 367 more rubber per plant than the checks.

Although these results are only preliminary, it appears that there may
be substantial benefit from deflowering of guayule, but only if an inex~
pensive and effective means can be found to cause the deflowering. This
study warrants further research to find either chemical or mechanical
means to cause deflowering of guayule.

REFERENCES

Willard, K.L. and D.T. Ray. 1986, The effect of flowering upon rubber
production in guayule. Proec. 4th International Conf. Guayule Res,
and Develop., Tucson, AZ pp 209-213.
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Annual Report of the U.S. Water Conservation Laboratory



66

Tahle 1. Effect of Manual Deflowering of Guayule During the First Year

of Growth.
Percent Plant Stem
Treatment Rubber Biomass (g) Diameter (cm)
Control 3.75 a 340 a 1.92 a
Deflowered 4.14 b 481 b 2,21 b

Heans followed by different
level by LSD.

letters are significantly different at 0.05
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TITLE: RELATIONSHIP BETWEEN CROP WATER STRESS INDEX AND OTHER PLANT
WATER STATUS INDICATORS IN GUAYULE

.n 20% Cris Work Unit: 5344-13230~-001

INTRODUCTION

Guayule (Parthenium argentatum Gray) is a xerophytic rubber producing
shrub capable of surviving in its native habitat of nerthern Mexico and
the southwestern United States with as little a 175 to 380 mm of rain--
fall per year (Ray, 1983). Guayule has been shown to be very tolerant
of desiccation (Ehrler et al., 1985; Ehrler and Nakayama, 1984) and to
undergo osmotic adjustment in response to soil moisture stress (Allen et
al., 1987).

Guayule rubber yield is affected in two apparently opposing ways by soil
molsture stress. Bucks et al, (1985) have shown that guayule dry
matter, rubber and resin ylelds are linearly related to the amount of
irrigation water applied, with the greatest amounts of water producing
the highest yields. Other studies, however, indicate that soil moisture
stress causes guayule to accumulate a greater percentage of rubber in
its roots and stems (Retzer and Mogen, 1947; Veihmeyer and Hendrickson,
1961; Hammond and Polhamus, 1965; Mondrus-Engle and Younger, 1983),

This inverse relationship between plant growth and rubber content
suggests that preclse water management and the determination of plant
water status of guayule may be critical for maximum economical produc-
tion.

Plant temperatures have long been recognized as a potential indicator of
soll molisture availability (Gates, 1964; Wiegand and Namken, 1966; Aston
and van Bavel, 1972; Ehrler, 1973; Idso and Ehrler, 1976; Jackson et
al., 1977; Byrne et al., 1979; Jackson, 1982) and plant water status
(Tanner, 1963; Ehrler et al., 1978a, b; Idso et al., 1978). The crop
water stress index (CWSI) provides a quantitative measure of plant water .
" gtatus based on the follage-air temperature differential (Tc~Ta) as a
function of the vapor pressure deficit (VPD) of the atmosphere (Idso, et
al,, 1981; Jackson et al,, 1981). Nakayama and Bucks (1983; 1984) T
applied the CWSI to guayule and found a significant relationship between
the seasonally averaged CWSI and rubber yield.

In this report, we examine the relationship between the CWSI and several
other physiological indicators of plant water status of guayule during a
prolonged drought period. A technique for improving the precision of
CWSI measurement and potential problems encountered using the CWSI with
guayule are also discussed.
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MATERIALS AND METHODS

Ten-week—~0ld greenhouse-propagated guayule seedlings (cv. N565 II) were

transplanted on 22 March 1986 into field plots at Phoenix, AZ, where the
soll type was an Avondale loam (a fine, loamy, mixed calcareous, hyper-

thermic, Antropic Torrifluvent). All plots were fertilized with 57 kg N
ha~l as Ca(NO3}s prior to planting.

The fileld plots consisted of two replications of two soll molsture level
treatments, one representing well-watered (wet) and the other water—
stressed (dry) conditions. Each plot consisted of five beds with eight
plants per bed. The wet treatment was irrigated at approximately 10-day
intervals throughout the experiment such that the available soll
moisture content in the root zone remained above 70%. The dry treatment
received no irrigations between 29 May and 5 August 1986, During this
period the available soil molsture content declined from 100 to 0%. The
dry plots were irrigated agaln on 5 August so that the soil molsture
content reached field capacity. Both treatments were irrigated with a
micro-irrigation system (T-tape type C, T-Systems, Corp., San Diego,

CA). Volumetric soil moisture content to a depth of 2.2 m was deter-
mined two to three times each week during the experiment using2a neutron
moisture meter (model 503, Campbell Pacific Nuclear Corp., Pacheco, CA)

previously calibrated in the same soll type. Detailed descriptions of
seedling propagation methods and the field site are provided in Allen et
al. (1987), :

Pyschrometric measurement of leaf water potential (¥{), osmotic poten—
tial (Yg), and turgor potential (¥p), canopy net photosynthesis (Pn),
and porometer measurements of transpiration (Tr) and stomatal cendue-
tance (Cs) were conducted between 1000 and 1045 hr local time two to
three times per week, on cloudless days, between 12 June and 16 August
as previously described (Allen et al., 1987). Crop water stress index
(CWSI) was measured concurrently with the other physiological measure-
ments as described by Idso et al. (1981). The nonwater—stressed base-
line used in calculating CWSI was constructed from several diurnal
measurements (19 and 27 June and 23 July 1986) of vapor pressure deficit
(VPD) and Te - Ta using the well-watered plants, Foliage temperatures
of individual plants (12 per plot) were measured with an infrared ther-
mometer {model 110, Everest Intersclence, Tustin, CA) with an 8° field
of view. VPD was calculated from wet and dry bulb temperatures measured
with an aspirated psychrometer {(model 566, Bendix Corp., Baltimore, MD).

RESULTS

The CW5S5I values of the plants in the dry and wet treatments, as calcu-—
lated for the period between 12 June and 16 August 1986, are shown in
Flg. la. At the beginning of this period the CWSI values for the two
treatments were nearly idemtical., However, as the scll moisture content
in the dry plots began to decline, the CWSI values of the dry plants
gradually increased above those of the wet plants. On 5 August the dry
plots were irrigated again to relieve the stress, and the difference in
CWSI between the dry and wet treatments decreased,

.
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A great deal of day to day variation in CWSI can also be seen in Fig,
la. 'This variation obscures the relationship between the wet and dry
treatments. The primary reason for this temporal variation is that the
CWSI was calculated using the empirical approach of Idso et al., (1981)
which does not fully take into account environmental factors, such as
wind speed, which may influence the Tc ~ Ta differential. 1In order to
remove this variation, the data were normalized by subtracting the mean
wet treatment CWSI values from those of the dry treatment as shown in
Fig. lb. The hand-drawn lines in Fig. lb show more clearly the
progressive difference in CWSI between the wet and dry plots as the
length of the drought treatment increased, as well as the partial reco~
very from stress following irrigation of the dry plots on 6 August. The
mean results for the other parameters measured during the experiment
were normalized in a simllar manner to examine their relationship with
the normalized CWSI data.

A significant linear relationship (r2 = 0.70, P < 0.01) between the nor-—
malized CWSI and normalized percent available so0ll moisture content up
untll the dry plots were Iirrigated on 6 August. The solid circles in
Fig. 2 represent data collected durlng the ll-day period following the
irrigation. Although the soll moisture contents of the two treatments
were nearly the same following irrigation, the CWSI values of the dry
plants remained between 0.3 to 0.5 units higher than those of the wet
plants.

The physiological Earameters that were most closely correlated with CWSI
were ¥y (Fig. 3, r4 = 0.75, P < 0,01) and ¥g (Fig. 4, r2 = 0.70, P <
0.01). The linear regressions of both of these relationships extended
very close to the point x = 0, ¥y = 0 such that the initial differences
among the irrigation treatments for CWSI and ¥, and ¥g were detected at
approximately the same time. This result indicates a simllar sen~-
sitivity to changes in plant water status for CWSI, ¥p and ¥g.

A much different result was found for the relationship between CWSI and
¥p (Fig. 5). There was no apparent difference in ¥p between the wet
and dry treatments with increasing difference in CWSI until thelr dif-
ference in CWSI reached approximately 0.55. Allen et al. (1987) have
shown that guayule exhibits a significant amount of osmotic adjustment
which results in turgor maintenance during drought stress. This criti-
cal normalized CWSI value of 0.55 represent a threshold beyond which the
dry~treated plants were no longer able to maintain turgor equal to the
well-watered plants through osmotic adjustment.

The normalized Tr (Fig. 6) and Cs (Fig, 7) data both resulted in signi-
ficant (P < 0.01) linear relationships with the normalized CWSI data (r2
= 0,58 and 0.62, respectively).

There was no statistically significant relationship hetween normalized
CWST and Pn (Fig. 8). Although the plants in the dry treatment attained
CWSI values as much as 0.8 units greater than those in the wet treat-
ment, there was egsentially no difference in Pn rates between the two
treatments. Pn rates in both treatments were low, however, with a mean
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closure of plants in the dry treatment due to moisture stress (Fig. 7),
did not reduce the COy concentration within the leaf to a level that
restricted Pn.

rate of approximately 6 umol COp n~2 s~1, Therefore, partial stomatal i

DISCUSSION

A close agreement was observed for the relationships between the norma-
lized CWSI and the knormalized values of the physiological parameters,
¥r,, ¥g, Tr and Cs, traditionally used as indicators of plant water sta-
tus, This close relatlonshlp was not as close, however, when the non—
normalized values of CWSI were regressed upon the non—-normalized values
of the physiological parameters (Table 1). For example, whereas the
linear relationship between the non~normalized CWSI and ¥[, values for
the dry treatment resulted in r2 = 0.45.

The primary cause of the lower correlations between non~normalized
values of CWSI and the other physiological parameters was the temporal
variation in CWSI values related to changes in environmental conditions.
Previous studies of the applicability of the CWSI as an Iindicator of
water stress in guayule have also reported substantial temporal vari-
ability in CWSI values not related to soil moisture availability
(Nakayama and Bucks, 1983 and 1984). These studies. also used the
empirical method of Idso et al, (198l) to calculate CWSI. Other studies
have shown that the preclision of the CWSI can be lmproved if the effects
of other environmental factors are considered when relating the Tc - Ta
differential to VPD (Jackson et al,, 198l; Smith et al., 19886). ‘

In the present experiment, normalizing the CWSI successfully removed
some of the variabllity due to environment. For practical use of the
CWSI to monitor plant water status in the field, it may be simpler for
the user to maintain a well-watered plot for this purpose, as suggested
by Clawson et al. (unpublished data), than to measure all of the
environmental factors necessary to correct the CWSI using a complete
energy budget approach.

The CWSI of the plants in the dry treatment remained 0.3 to 0.5 units
higher than the well-watered plants during the ll—day period following
the 5 August 1987 irrigation of the water-stresged plants (Fig. 1lb and
2), although the difference in CWSI between the two treatments appeared
to be declining during this period. 4 delay in recovery of leaf tem-
perature and CWST to control levels following removal of soll moisture -
stress has been observed with cotton {Ehrler, 1973), sorghum (Idso and
Ehrler, 1976) and wheat (Jackson, 1982), although the CWSI of these
crops returned to those of their well-watered counterparts within three
to six days following removal of the water stress. Due to the much
longer lag period noted for guayule (greater than eleven days), care
must be taken to avold coverestimating soll molsture stress during this
period.
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Jackson (1982) believed that a five to six day delay in recovery of CWSI
of water-stressed wheat plants followlng irrigation was related to the
time necessary for leaves to rehydrate and for the development of root
hairs on roots previously contained in dry soil. 1In the present experi-
ment, morphological changes to the aerial portion of the water-stressed
plants way also have contributed to the apparent delayed recovery from
water stress. The leaves of the water-stressed guayule plants were
noticeably thicker and more densely covered with trichomes than the
well-watered plants as evidenced by their silvery color (Ray, 1983;
Hammond and Polhamus, 1965; Lloyd, 1911). The water-stressed plants
also carried a larger proportion of nontranspiring senesced leaves than
the well~watered plants. These conditlons reduced transpiration and
increased leaf temperature. These altered morphological characteristics
caused the CWSI values to be greater than those of the well-yatered
plants even though the soil molsture contents were similar in both
treatments, indicating that the nonwater-stressed baseline developed for
the well-watered plants no longer applied to the water-stress-treated
plants. Therefore, part of the observed recovery of guayule CWSI
following irrigation 1s the development of new leaves with a morphology
characteristic of well-watered plants.

CONCLUSION

The normalization of the CWSI data successfully removed environmental
effects on the index and provided better correlations between CWSI and
traditional plant water stress indicators than did the non-normalized
values, Significant linear relationships were established between the
normalized CHSI and normalized values of 1, ¥g, Tr, and Cs. Yp of the
plants in both treatments were similar until their difference reached a
threshold value of approximately 0.55, beyond which the water-stressed
plants were no longer to maintain turgor though osmotic adjustment. HNo
difference in Pn was observed between the wet and dry plots even though
their difference in CWSI was as agreat as 0.80. During an ll-day period
following irrigation of the water-stressed plants thelir CWSI values
remained significantly higher than the well-watered plants even though
the soll moisture contents of the two treatments were similar. -
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TITLE: SURFACE SOIL WATER CONTENT DETERMINATION WITH THE NEUTRON

PROBE

SEC: 1.3.03.1.4 80% CRIS WORK UNIT: 5344-13230-001
2.3.04.1.8 20%

INTRODUCTION

An adequate supply of soil water near the seed is important for its
successful germination and consequent plant establishment. The slow-
growing guayule seedling is extremely susceptible to slight changes in
the environment and its survival is highly dependent upon proper water
and salinity conditions., Determination of soil water content near the
soil surface, where guayule and other types of seeds are placed, is
usually made by gravimetric sampling. This procedure is extremely time
labor intensive and time consuming, and also can disturb the seed and
seed bed. To avoid this, surface neutron moisture equipment can be
adapted to determine the seed-bed water content in an non-destructive
manner. Our earlier work with the neutron surface probe {Farah, Reginato
and Nakayama, 1984) discussed the calibration process and test of the
equipment, but did not extend its use to actual field applications, This
report covers the results obtained from field trials in conjunction with
an experiment for studying the effects of various factors, including soil
water content, on guayule plant establishment by direct seeding.

PROCEDURE

The neutron surface probe equipment (Campbell-Pacific Model MC~M Roof
Gauge) was calibrated on the Casa Grande sandy loam soil where the
guayule direct seeding experiments were being conducted. The soil
sampling and neutron reading procedures were essentially those reported
earlier (Farah, Reginato, and Nakayama, 1984). Since we were interested
only in the very shallow depths, soil samples were taken over the 0- to
2-cm, 0~ to 5-cm, and the 0~ to 8~cm increments.

A 1.8 mm {15 gauge) cadmium sheet was used to fabricate a cover over the
neutron probe to cut down the extraneous readings caused by surrocunding
fast neutron moderators.

For the field trials, 16 plots were selected for the neutron readings.
The soil was leveled and the site marked so that the probe could be set
at the same spot for the repeated readings to be made over the progress
of the experiment to follow soil water changes as a result of irrigation,
rainfall, and evapotranspiration. Equipment readings were taken at the
same time that the seed bed was sampled manually for water content with a
soil moisture sampling probe.

RESULTS AND DISCUSSION

The calibration values for the surface neutron probe for the various
depth increments are as follows:
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Table 1. Parameters for field calibrated surface probe | :
at the various soil depth increments. ’
Depth Increment Intercept Slope r?
{cm)
0- to 2 -17.91 78.86 0.94
0~ to 5 -11.32 69.87 .98
0- to 8 -~ 1.58 51.09 .99

The linear regression equation fitted the experimental points, with
correlation coefficients of better than 0.9.

Comparison of the gravimetric and neutron derived soil water contents are
given in Figure 1. A linear relation exists and can be described by the
equation

6, = 0.8313 + 1.45 6,, r"? = 0.83

vhere o, is the gravimetric water content and @, is the neutron volumet-

ric watér content. The factor 1.45 in the preceding eguation represents

the bulk density of the soil in the sampling depth. Thus, if the gravi-

metric soil water contents were multiplied by 1.45, it should result in _
volumetric water contents which should then match those calculated from .
the neutron egquipment readings.

The use of the cadmium shielding around the probe significantly decreased
the effects of any neutron moderating material around it. For example,
counts obtained in a row of mature guayule plants were 4207+45.4 without
the shield vs. 4056+60.8 with the shield, and similarly 10718+34 vs
10178+104 for the standard reference absorber.

SUMMARY

A properly field calibrated neutron probe gave comparable soil water
contents as those derived from soll sampling. The equipment is labor
saving and provides nondestructive sampling, which is particularly
important in direct seeding experiments where minimal bed disturbance is
required. The use of cadmium shielding around the probe helped to cut
down on extraneous readings and increased the reliability of the measure-
ments. .
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TITLE: GERMPLASM DEVELOPMENT AND DOMESTICATION OF CUPHEA AND OTHER NEW
CROP SPECIES

spc:  2.1.03.1.a CRIS Work Unit: 5344-21000-001

INTRODUCTICN

Extensive irrigation is essential to produce high yields of traditional
crops in the arid Southwest., 1If agriculture is to persist in the region,
new -crops with lower water usage will be needed. Numerous studies have
clearly demonstrated the need and potential of research to create and
develop new or alternative crops.

Raw materials for the U. S. oleochemical industry are frequently imported
and significantly add to this country’s unfavorable balance of payment
problem. The primary source of lauric acid for manufacturing soaps,
detergents, lubricants and other related products is imported coconut and
palm kernel oils. Likewise, the U. 5. is heavily dependent upon imported
castor oil for its total supply of hydroxy fatty acids, a strategic
material used in the production of lubricants, plasticizers, protective
coatings, surfactants, and pharmaceuticals. Seed oils from species of
Cuphea and Lesquerella are viable candidates for domestic production of
lauric acid and other medium-chain fatty acids, and for hydroxy fatty
acids, respectively (2,3,6,9).

PROCEDURE

Previous research at this location has demonstrated that most species of
cuphea are not adapted to the high temperature conditions during the
growing season throughout the arid Southwest. This constraint is largely
due to a failure to set adeguate amounts of seed. However, research at
this location provides valuable service to the national cuphea research
effort by developing improved germplasm and segregating breeding
material. This material is provided to cooperating state and federal
scientists for evaluation in Oregon, Iowa, Georgia, and other locations.
Qur germplasm enhancement research efforts primarily concentrates on both
intra- and interspecific hybridization (1,2,4,5). The primary objective
is to obtain new genetic combinations that may be useful in the develop-
ment of new-cultivars for production in more temperate growing area. A
new compact growth habit found in C. leptopoda has been characterized,
and may be of value in the new germplasm being developed (7). 1In
contrast to cuphea, lesguerella is native to arid and semiarid areas and
has high potential for domestication and production in the arid Southwest
(3,6,9}. Research methods employed with lesquerella for development of
improved germplasm concentrates on utilizing conventional plant breeding,
selection, and genetic methods. Cooperative research on determining
water reguirements and other crop management factors is conducted with
other scientists in the Arid Zone Crop Production Research Unit of the
U.S. Water Conservation Laboratory.
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RESULTS AND DISCUSSION | ‘

CuEhe H

To date, a total of 17 species in three different sections of the genus
have been used as parents in the production of new interspecific hybrids
(Table 1). Of the total, eight species have been involved in 18 morpho-
logically and cytologically confirmed successful interspecific hybrids
(Table 2}. 1In all instances successful hybrids have as yet only involved
species within the generic section Heterodon. All of the hybrids, except
for those between C. procumbens and C. llavea, are sterile due to meiotic
irreqularities (1),

The seven hybrids involving reciprocal crosses of different accession of
€. llavea and C. Erocumbens have exhibited a relatively high degree of
fertility. Both speC1es have the same chromosome number (N=9), and
chromosome pairing in the hybrids is essentially normal at meiosis and
the hybrids are all self-fertile (1). This is somewhat surprising since
the two parental species are morphologically distinct. Cuphea procumbens
is a herbaceous annual with large, 6~petalled flowers, while C. llavea is
an erect growing, semi-woody perennial with flowers exhibiting long calyx
tubes and only two dorsal petals. 1In general the hybrids are inter-
mediate in plant and flower characteristics, and usually exhibit some
degree of perenniality. F, populations of several of the hybrids were
grown at Ames, IA, Corvallis, OR, and Tifton, GA, during the 1986 growing
season. F, populations were grown at Ames, IA in 1987. Some ¥, and F, .
plants exhibited a more determinate flowering habit, more compact ‘
grouping of flowers in the inflorescence, and reduced seed loss by
shattering. However, none of the material appears to have removed the
major constraints to high levels of seed production. Some of these
hybrids do exhibit interesting horticultural features (1,4,5,7). Hybrid
1016 produces attractive bright red flowers on semi-woody, erect stems.
The hybrid is perennial and can be readily propagated by stem cuttings.
For two years, a plant of 1016 has flowered profusely in the field in
Phoenix, AZ during the summer months where maximum daytime temperatures
reqularly exceed 38° C. A cooperative effort has been initiated with Dr,
Mark Roh, Research Horticulturist at the Florist and Nursery Laboratory
at the Beltsville Agricultural Research Center to evaluate the hybrids’
potential as a new pot or bedding plant {5). _ .

One of the most interestlng hybrids is 1006 (C. leptopoda x C.

laminuligera), which is the first successful hybrid between Cu Cuphea

species in different fatty acid groups (1). The hybrid is very vigorous

and flowers profusely, but is highly sterile due to irregular chromosome

pairing at meiosis even though both parents have the same chromosome

number {N=10). We were successful in restoring fertility in five hybrid

plants by doubling the chromosome number following treatment with

colchicine. Surprisingly, the fertile amphidiploids were self fertile

and produced abundant, viable seed by natural self pollination in the

greenhouse. Both parents are naturally cross pollinated and normally

require an insect vector to effect pollination. Seed set by natural self
pollination would be a desirable feature for a commercial cultivar since e
seed production in the field would not require bees or other pollinating ‘
insects.
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Adequate quantities of seeds were collected on four of the five fertile
1006 (C. leptopoda x C. laminuligera) amphidiploid plants that would
allow chemical ana1y51s of the fatty acid distribution. In addition, one
progeny plant from one of the amphidiploids also produced an adequate
quantity of seeds for analysis. These seeds plus those of the parental
species were sent to Dr. Robert Kleiman at the NRRC in Peoria, IL for
analysis. Additionally for comparison, seeds of various accessions of C.
llavea and C. procumbens and theéir fertile reciprocal hybrids were also
sent to Peoria for analysis {Table 3}.

As expected, the reciprocal hybrids of the Cl0:0 x Cl0:0 crosses invol-—
ving C. llavea x C. procumbens exhibited the Cl0:0 fatty acid pattern
typical of the two parental species {8). The fatty acid profile of the
C. leptopoda x C. laminuligera amphidiploid hybrid was essentially
identical to C. 1egtoggga, the Cl10:0 parent. It may be inferred that
carbon chain elongation in the biosynthesis of the seed oil fatty acids
is controlled by a dominant gene. Attempts are being made to backcross
the amphidiploid to the original parental species, which may provide
valuable information on the inheritance and biosynthesis of seed oil
fatty acids {Table 4). 1In addition, special effort is being made to
effect the backcross of the amphidiploid to C. laminuligera and outcross
to C. lutea, another C12:0 rich species, to obtain useful genetic
recombination and segregation. If we are successful, we may be able to
produce very useful lauric acid (Cl12:0) rich germplasm that can be
utilized in cultivar development. Superficial inspection of the data in
Table 4 appears to indicate that the backcross to C. laminuligera and
perhaps the outcross to C. lutea are more difficult to achieve than the
backcross to C. egtoggg . chever, results of these new crosses are as
yet unknown until the progenies are grown out and evaluated. Additional
concentrated efforts are currently being made to successfully complete
these very important crosses.

Seeds of four of the original amphidiploid hybrids plus that produced on
26 progeny plants from three of the original plants have been distributed
to Dr. W. W. Roath, BAmes, IA, and Dr. S. J. Knapp, Corvallis, OR, for
field evaluation during the 1988 growing season (Table 5).

A series of new Cuphea interspecific hybrids have been attempted. Twenty
new putative hybrids involving 11 species in three sections of the genus
were made by Dr. D. T. Ray and associates under a broadform cooperative
agreement at the University of Arizona in 1985-86 (Table 6). In addiw

tion, 16 new putative hybrids involving the three related species, C.
Erocumbens, C. llavea, and C. caesariata were also made at the Unlversity -
of Arizona (Table 7). Limited greenhouse facilities have delayed growing
out these crosses to determine if interspecific hybrids have been

effected.

A new series of six crosses have been made in Phoenix in an attempt to
hybridize species currently undergoing domestication, and that also vary
in fatty acid seed oil content (Table 8)., This effort is a continuing
activity.
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Lesquerellas:

The 1986-87 planting of lesquerella was less than successful. 1In
contrast to previous years the planting was made on a level soil surface
rather than on raised beds. The plantings were made on 17 October 1986
and flood irrigated. This resulted in excessive crusting and poor
emergence. The water use study was replanted on 2 December 1986, Good
plant stands were obtained but biomass and seed yields were reduced by at
least 50 percent. The lesquerella breeding plots and the replicated
yield trial of the 10 best half-sib families were not replanted. A total
of 45 single plant selections were made from the breeding plots. Sixteen
of the selections were specifically made for increased plant height from
a bulk population of tall plant selections made in 1986.

On October 1 and 2, 1987, single row half-sib progeny observation plots
varying from 3 tc 100 meters in length {depending on availability of
seed} were planted of each of the single plant selections made in the
1986-87 planting. In addition, 285 single row plots ranging from 3 to 50
meters in length were planted of seed of single plant selections made by
Dr. D. D. Rubis, University of Arizona, in 1977. These plots will be
observed for plant growth and yield, and will provide a sizeable popula-
tion for further selection.

In addition, two replicated plantings were made. One is a repetition of
last year’s water use study and the other is designed to obtain more
information on plant population and planting methods. Both broadcast
seed application and row planting with a Stanhay seeder are included. On
3 December 1987, plant populations were established by thinning rowed
plots to achieve populations of 400,000, 600,000, and 800,000/ha plus
unthinned rows estimated to be in excess of 1 million plants/ha. In the
broadcast treatments, plants were thinned to achieve a population of 1
million plants/ha. It is anticipated that these plots will be harvested
in June 1988.

SUMMARY AND CONCLUSIONS

Good progress is being made on effecting successful hybridization among
species of Cuphea. The fertile amphidiploid hybrid of C. leptopoda x C.
laminuligera holds promise for development as a new crop since it is very
vigorous, and set abundant large sized seeds by self pollination.
Unfortunately, the predominant fatty acid in the seed oil is capric
(C10:0) rather than lauric acid {C12:0), which may limit its current
usefulness. Extensive effort is being made to backcross the hybrid to
its Cl2:0 parent, C. laminuligera, to encourage segregation and ultimate
selection of high lauric acid production in an agronomically adapted and
productive plant.

Lack of adequate greenhouse space has severely hampered efforts to grow
out progeny from crosses. Steps have been taken for the purchase and
erection of a new greenhouse in 1988, which will greatly facilitate these
efforts.

New data gathered on lesquerella were limited due to problems of stand
establishment. This problem was resolved during the 1987-88 planting by
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using sprinkler applications of irrigation water to promote uniform seed
germinatlon and emergence. It is antic1pated that good yields will be
obtained in the yield experiments currently in progress.

Yields from previous cultural experiments (+ 1,200 kg/ha), and from
progeny of selections {+ 1,550 kg/ha) are very encouraging, and provide a
strong rationale for contlnued breeding and agronomic research. With
adequate research, it is concluded that development of lesquerella as a
new crop for the production of hydroxy fatty acids under arid environ-
ments could be accomplished within six to eight years.

PERSONNEL A. E. Thompson, D. A. Dierig, and E, R. Johnson.
R. Kleiman, USDA/ARS, NRRC, Peoria, IL, coopsrating;
D. T. Ray, Plant Science Department, Unlversity of Arizona,
Tucson, AZ, cooperating.
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Table 1. Cuphea species used as parents in confirmed and putative
interspecific hybrids. 1983-87.

Chromosome Predominant

Number Fatty

Species (n) Acid ‘ Accessions Used
Section Heterodon:
C. angustifolia . 12 C10:0 A00QQ5, m0145
C. caesariata 18 c10:0  A0073, A0379
C. crassiflora 12 C10:0 A0097
C. laminuligera 10 Cl2:0 A0142, a0265, A0371, A0384
C. lanceolata 6 Cl0:0 AD224, A0226, A0236, A0252
C. leptopoda 8 7 C10:0 A0264
C. leptopoda 10 Cl0:0 A0065, A0072, A0383, A0Q385
C. llavea 9 C10:0 AQ061, A0064, A0069, A0D074
C. lophostoma 8 Cl10:0 A0127 :
C. lutea 14 Cl2:0 AQ144, AD381
C. procumbens 9 C10:0 AQ002, A0100, AQ235, A0242,

A0263

C. wrightii 22 Cl2:0 A0261
C. wrightii x

C. tolucana - 22 Cl12:0 Al260
C. viscosissima 6 Cl10:0 A0049
C. leptopoda x

C. laminuligera 20 C10:0 1006 (R0065 x AQl42)
Section Diploptychia:
C. cynea ) 6,30 C8:0 AO150
C. hookeriana +40? C8:0 A0024 : -
Section Melvilla:
C. caeclliae 30 C10:0 al206
C. ignea 15 C1l0:0 A0057
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Table 2. Summary of cytologically confirmed succassful interspecific hybrids among
aight Cuphea species.

Cross Chromo- Repro-
Produced some ductive
Crosa : by Number Fertility
Numbet Femala Parent Male Parent (T or B (2H)  {F or 5)°
1003 AD242 C. procumbens AOOT2 €, leptopoeda P 19 -]
1006  ADO65 C. leptopoda AO0l42 C. laminuligexa P 20 s
1006 A0065 ¢, leptopoda AD142 €. laminuligera P 40 F
1019 AQ235 C. praocumbensg A0264 C. leptopoda P 17 s
1010 ADOG1 C. llavaa A0100 C. procumbens P 18 F
1014 A0069 C. llaven A0263~2 C. procumbens P 18 F
1016 AD235 C. procumbens A0D74(?) C., llaven P 13 F
1026 AQ0OD2 C. procumbens AODT4 C. llavesn T 18 F
1027 A0263~1 C. procumbens A0074 C. llaves T 18 F
1029 A0263~5 C. procumbens AD074 C. llavea T 18 F
876 AhO263 C. procumbsns A0OGY C. llavesa T 18 F
87~4 AD263 C. procumbens A0379 C. cnasariata T 27 5
1020 A0263-6 C. procumbens A00987 C. crassiflora T 21 s
1032 A0235 C. procumbens A0236{?) C., lenceclata P 15 ]
873 AD263 C. procumbens AD226 C. lanceolata T 15 s
1024 A0224 €. lanceolata AQOTA C. llaven T 15 5
87=-5 ADZ26 C. lanceoclata AOOT4 C. llaven T 15 s
B7-7 AD226 C. lanceolata AO379 C. cassarinta T 24 5
1025 A0252 C. lanceolats AD127 C. lophostata T 14 5

ik University of Arizona, Tucson, P = U.S5, Water Conservation Lab., Pheenix.
F = fartile with viable seads, § = aterile with no seads met.

€ 1006 fertila amphidiploid producad by colchicine treatment.
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Table 3, Fatty acid distrlbution ln seed olls of Ffour cuphea specles and two interspeclflc hybrids.

1000
Predomlpant Number - Seed Fakty Acid Pistributlen {%}
Fatty of Weight
Parents and Hybrids Acid Samples {g} Cd:0 Cl10:0 cC12:0 cl14:0 cl6:0 cl8:0 Cl8:1 ¢l8:2 C18:3 C20:0 Other
€. lamiguiiners c12:0 1 Hean (x}  2.18 0.4 19.6 59.7 7.2 3.0 0.3 2.5 6.8 0.3 0.1 0.1
C. leptopoda c10:0 1 Hean !;} 4,20 1.2 87.0 1.4 0.4 2.2 0.5 2.8 1.2 0.1 0.1 0.1
€. l=ptopoda x _ . '
C. Jamjm or Cl0:0 5 Hean {x} 5.24 1.4 87.6 1.4 1.1 2.4 0.4 1,0 2.3 0.2 0.1 0.1
5E 0.236 0,02 0.21 0.05 0,02 0.05 0.02 0.10 0.14 0.05 0.0 0.05
cy 10.1 3.8 0.5 8.7 5.2 4.6 10.6 7.2 13,5 49.8 0.0 91.13
C. 1llavea cl0:0 q Kean (;} 31.07 1.1 84.8 1.7 0.9 2.3 0.4 1.7 1.4 0.2 0.1 0.2
SE 0.074 0.07 D.48 0.06 8.06 D.12 0.03 0,10 D.28 0.03 0.0 0.0%
cv {.5 12.9 1.1 7.1 14.4 10.18 12.1 5.5 12.5 21.1 0.0 12.8
€. procumheng c10:0 8 Hean (;! 1,59 0.9 80.6 1.8 1.3 3.1 0.8 6.1 4.7 0.3 0.1 0.3
SE 0.131 D.05 0.87 0.07 0.21 0.25 0.06 0.31% 0.24 0.03 0.01 0.03
cv 10.3 13.9 ja 11.3 45.2 22.5 21.2 16.0 14.] 29.0 1.4 32:2
G. llavea x _
C. procymphpps c10:0 k] Kean {x} 4.85 1.0 84.5 1.7 1.2 2.5 0.5 4.1 1.7 0.2 0.1 0.2
SE 0.244 0.19 0.88 0.09 0,22 0.26 0.03 0.58 0.12 0.013 0.0 0.03
cy 9.1 141 1.8 9.2 30.7 18.3 12.4 23,17 5.6 24.7 a.0 24.7
Q. procumbens x _
C. llavea Cl10:4 ] Hean {x} §.12 1.0 B4.6 1.5 0.8 2.2 0.6 4.5 {.1 0.3 0.1 0.2
SE 0,182 0,05 0,53 0.03 0.04 0,08 0.04 0.40 0.14 0.02 0.0 0.03
cv 12.5 13,5 1.8 4.8 15.0 10.56 21.1 24.8 9.4 22.13 0.0 46.3
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Table 4. Summary of attempted backcrosses and outcronses of the fertile amphidiploid,
1006 {C. leptopoda x C. laminuligera}, the first successful interspecific
hybrid batwean diffeorent fatty acid groups.

I I E Saeds/
Hew | | | Crosses Succesaful Seeds Successful
Cross | | | Attempted Croszaes Produced Cross
Wumberas | Female Parent | Male Parent] {No.} (Na.} {Ho.}) {No.}
| l |
Backcross to C. laminuligera {Cl2:0}:
1057 1008 A0371 253 le 45(14?)n 2.5
—_— 1006® A03T1 294 0 0 o
1058 AQ371 1006 345 23 60{607]} 2.6
1056 1006° A0284 az0 30 82 2.7
1056 10086 AD3E4 S 0 1] 0
b AO384 1006 18 0 [} 0
Backeross to €. loptopoda {C10:0):
1059 1006 AD3B3 581 1o S52{10%?} 5.2
1060 AD383 1006 1] 1 1{1?} 1.0
1061 1006 AD385S 166 44 167 3.8
1062 A0385 1006 164 4 6(27) 1.5
Outcroas to C. lutes {Cl2:0}:
J— 1006 A0144 53 Q 0
1063 A0144 1006 11 3 7052) 2.3

® Number of seeds with questionabla viability.
b Sterile original interapecific hybrid.
€ croes effectad without amasculation of female parent.
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Table 5. Distribution of 1006 (Cuphea leptopoda x C. laminuligera) ‘
Fertile Amphidiploid Seed for Field Evaluation
W. W. Roath S, J. Knapp Phoenix
Ames, IA Corvallis, OR Remnant
Line (g} (g) (g)
1006~1 1.0 7.0 0.1
1006-1-1 0.5 4.5 2.0
1006-1-2 0.2 e 0.1
1006-1-3 0.2 e 0.2
1006-1-4 0.2 — 0.1
1006~1-5 0.2 0.2 ) 0.2
1006~-1-6 0.2 0.8 0.2
1006-1-~7 0.2 1.0 0.2
1006-1-8 0.2 2.8 0
1006-1-9 0.2 1.2 0.3
1006~1-10 0.2 1.4 0.3
1006-1-11 0.2 0.6 { Bulk 0.1
1006-1-12 0.2 0.7 {12.5 g 0
1006-1-13 0.2 0.5 0
1006~1-14 0.2 ¢.6 0.1
1006-1-15 0.2 0.4 0
1006-1-16 0.2 0.4 0
1006-1~17 0.2 0.7 0
1006~1-18 0.2 1.1 0.1 .
1006-1-19 0.2 0.1 0 @
1006~2 0.4 1.0 0.2
1006-4  — 0.1 0.1
1006-4-1 0.5 2.2 0
1006—4-2 0.5 5.3 Bulk 0
1006~4-3 0.5 0.8 12.9 g 0.2
1006-4~7 0.5 0.3 0.2
1006-4-8 0.5 2,3 0.2
1006-4-11 0.5 2.0 0.2 -
1006~5 g.2 - 0.7 0.1
1006-5-1 0.3 E 0
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Table 6. Summary of 20 naw putative Cuphesa interspecific hybrids made at the Univeraity
of Arizona, 1985-1986, involving 11 species in 3 sections of the gonua.

[ |- | Seeds/ "
Nay t ] ]Successful Seeds Successful
Crosn | i | crosses  Produced Cross
Humbers| Female Patent i Male Parent { {wo.) {¥o.} {No.}

I ' ! !
1070 | Ages7 c. ignea | ADOO5  c. angustifolia | 2 11¢373* 5.5
1071 ] A0057 C. ignea | AD145 C. mngustifolia | 1 4447} 4.0
1072 ] nooe4 €. llavan } AD145 . angustifolia | 1 2 .
1073 | A0145 c. angustifolia | AD127 €. lophostoma | 1 2 .
1074 | Aooos €. angustifolia | AOl00 c. procumbsns | 1 3 .
1075 | Al027 €. lophostema | AO145 €. angustifelia | 2 8(12) 4
1076 | A0127 C. lophostoma | AD150 C. cynea | 1 2 2.
1077 | a0127 €. lophoatoma |} A0226 c. lanceclata ] 1 1 1.
1078 | A0127 €. lophostoma | A0146-6 c. laminuligera | 1 2 2.0
1079 ] A0024 C. hookeriana | AO145 c. angustifolia | 1 637} 6.0
1080 | A0O024 C. hookeriana | A0206 c, cascilia i 1 2 2.0
1081 | A0024 C. hookeriana | AO150 C. cynea ] 5 33 6.6
1082 | a0024 C. hookeriana | ADO69-3 C. llavea ] 6 38 .3
1083 | ADOT4-F C. llaven | AD226 c. lanceslata |} 2 .0
1084 | A0O74-F €. llaven | ADDES c. leptopoda i 1 .0
1085 | A0261~7-9=1 C, wrightil | A0069-3 c. 1lavea H 2 12 6.0
1086 | A0265 €. laminuligera | AOO74-F c. llavea | 2 9 .5
1087 | A0Z61 C. procumbens | RO065 €, leptopeda i 1 1 .
10a8 | A0206 €. caeciline | R0057 c. ignaa i 5 32 3.6
1089 |} A0057 €. ignea | Ro206 C. caeciliae ] 20 170 8.5

{ I i

® Number of seeds with questionable viability.

. Annual Report of the U.S. Water Conservation Laboratory



96

i

Table 7. Summary of 16 nev putative Cuphea interspecific hybrids ameong C. procumbens, ‘
C. llavea, and C. caesariata made at the University of Arizona, 1985-1886.
| | { Seadn/
New | | | Successful  Seeds Succasaful
Cross } l | crosses Produced Cross
Numbers | Female Parent | Male Parent { {Ho.l {Ne.}  {Ne.}
! ‘ | I
L ! |
E l
10%0 | Ao1o0 €. procumbens 2 ADDS1 €. llavea } 3 16 5.
1091 [ ARO069-3 c. llavea | AD100~3 C. procumbena | 4 12 3.
1092 | AQ065~3 c, llaves j aoi00-2 €. procumbensa } ? 10 7
1093 | RO074-F-2 c. llavea } AQl00-2 C. procumbens | 9 37 4.1
1094 | ROO74-F-1 C. llavea | a0100-1 c. procumbens | 6 o 5.0
1095 | noz863 C. procumbenms | ADDEL €. llavea ] ? B
1098 | AO263 C, procumbens | A006S €. llavea ] ? 10 ?
1057 | AD263 €. procumbens | A00635-31 C. llavea 1 1 2 2.0
1098 } o263 €. procumbens | AQ074~F~1 C, llavea | ? 53 ?
1099 | ADOT3 C. cassariata | AD064 €. llavea ! 1 2.0
1100 | a0073 €, caesariata | A0100-3 C. procumbens | 1 1.0
1101 | AO263 €. procumbens | A0073 C. crasariata | 10 54 5.4
1102 } Aoo64 C. llavea ] a0379 C. caesariata | 3 15 3.0
1103 { A0379 €. caesariata | A0074~F~1 C. llavea f 2 1.5 o
1104 | A0379 C. caesariats | A0235 €. procumbsns | 1 .0 {
1105 | R0379 C. caesariata | AD263 €. procumbans | 1 .0 Lk
, .. ®
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Summary of new interspecific hybrids attempted involving specles with differing predominant seed oll fatty

Table 8.

aclds.

Seeds/

L Crosses  Successful  Seeds Successfual
Cross Attempted Crosses Produced Crnsces
Humbers Female Parent Male Parent fNo.} {No.} {Ho.} {Ho.)
1064 AQ3TY C. laminuligera (C12:0} | AD381 C. lutea {Cl2:8} 89 (3 14{147242 2.3
1065 A0144 C. lutea (Cl2:0} AD371 €. laminuligera (CLlO:0) 58 9 134132} 1.4
1066 A0226 C. lanceolata {Cl0:0} ADL44 C. lutea {Cl2:0} 34 1 2 2.0
- A0144 C. lutea (C12:0} A0226 €, lanceolata {Clo:D) 54 0 0 0
1067 A0226 C. lanceolata (Cl0:0) A0049 ¢, vigcosissima [(clO:0} 165 47 221 4.7
1068 A0252 C. lanceolata (Cl0:0) ADD49 €, viscosissima (C10:9) 58 11 50 4.5
—— A0381 C. lutea (Cl2:0) A0049 C. viscoesisslma {Cl0:0} 34 0 i] 0
1069 A0049 C. vlscoslsslma {Cl0:0) | A03JBL C. lutea {Cl2:0) 33 2 332} 1.5
-— vlscosisslma {Cl0:0} C. lakea (C12:4}) 2 ] ] B

ADD49 C.

ADL44

4 Number of seeds wlth questlonable vlabllity.

L6
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TITLE: GUAYULE GERMPLASM ENHANCEMENT FOR INCREASING NATURAL RUBBER AND
RESIN PRCDUCTION

INTRODUCTION

Guayule (Parthenium argentatum Gray) has the potential of becoming an
important domestic source of natural rubber. Although some progress
has been achieved in increasing yields, for guayule to become an
economically feasible crop of the southwest desert, further increases
in rubber yield, either by increasing biomass or the plant’s rubber
content, are necessary.

Providing the variability for these desired traits is present in avail-
able germplasm, the plant breeder must find a means of selecting for
these two traits. It is obvious that biomass can be visually esti-
mated, and it is therefore easier to select for this trait in com-
parison to the plant’s rubber content. Due to practical considerations
such as harvesting and processing, high rubber content becomes more
desirable than extremely large plants. It is hoped that measured
characters can be found to predict both traits in order to aid the
plant breeder. The objective of this study was to find useful rela-
tionships between rubber content and yield, with plant morphological
and biomass characteristics that might be used as a selection criteria
for improving guayule rubber yields., The amount of variability, both
among and between gquayule lines, was also examined to determine the
amount of success in selection for these qualities.

Field Procedures:

A diverse guayule breeding population was established at the Wong Farm,
located near Marana, AZ, in 1982. These selections were all believed
to reproduce by facultative apomixis. Plants were transplanted into
single row plots with 0.36 m between plants and 1 m row spacing. Each
plot was a progeny row and consisted of approximately 30 plants. The
field was furrow irrigated.

Out of a total population of 234 uniform progeny rows, 42 lines were

selected for study, on the basis of high rubber concentration, yield,
and regrowth from the previous year’s harvest. In February 1987, ten
plants from these 42 plots were harvested and analyzed.

The variables measured in this study were percent ruhber, rubber yield
{g/plt.}, plant height (cm}, width {cm) and volume (m®)}, fresh and dry
w91§ht {kg/plt.), mean stem diameter (cm), total and mean stem area

, total and mean stem c1rcumference {cm}, total
c1rcumference/total area (TC/TA) {cm '), stem number, and percent dry
weight,

Plants were harvested by clipping the entire top growth 10 cm above

ground level and analyzed for rubber content by near infrared (NIR)
analysis. The stem.cross sectional area, stem circumference, and the
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quotient of the two, were calculated from stem diameter and stem number
measurements.

Statistics performed on these data include: correlation coefficients
{Table 1}, linear regressions with percent rubber and rubber yield as
dependent variables (Tables 2 and 3}, means, standard errors and
coefficients of variation {cv) Table 4, and standard deviations (SD),
Table 5.

The method of linear reqgression used was a subset selection method. If
there are 13 independent variables, all possible combinations of one
independent variable are calculated, and then for two independent
variables, and so forth until all 13 variables are included in a
subset. For each of these combinations the one with the highest R? was
chosen. This yielded a subset with the highest R? value for each of
the 13 combinations of independent variables. A criterion to account
for the bias of the model is called Mallows’ Cp criterion. The model
rating in Tables 2 and 3 are based on this value.

RESULTS AND DISCUSSION

Correlations were performed to determine the extent of relationships
among the variables of the 42 lines. It appears that none of the
variables are highly correlated with percent rubber even though the
negative correlation coefficients of plant widths, volume, dry and
fresh weights were all highly significant (Table 1}. The implied
relationship is that as biomass increases, percent rubber decreases.
Although the negative r values for the four variables are significant,
only slightly more than 25% of the variation is accounted for in each
of these correlations.

Rubber yield on the other hand had higher significant correlations with
almost every variable (Table 1), The highest correlation for rubber
yield was with fresh and dry plant weight (r = 0.84 and 0.85, respec-
tively). These data agree very closely with previous studies.

It is apparent that fresh and dry weight are the best predictors for
rubber yield. As biomass increases, rubber yields increase. For
practical purposes however, a predictor of biomass is desirable since
it is a destructive measurement. Plant volume, mean stem diameter,
total stem circumference and TC/TA all correlate fairly well with both
rubber yield an dry weight. Total stem circumference seemed to be more
highly correlated to rubber yield than plant volume. However, the
difference is not large and the average r? values are 0.56 for the
former and 0.50 for the latter. wWhen total stem circumference and
plant volume are correlated to dry weight, the average r? values are
0.52 and 0.67 respectively, meaning that one-half to two-thirds of the
variability is herein accounted for. For practical purposes plant
volume is more easily obtained in the field and would serve as the best
predictor. :

Two regression models were used to determine the relationships between
percent rubber and total rubber with the other variables. In the first
model, shown in Table 2, percent rubber was the dependent variable.
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The R* ranged between 0.38 for plant dry weight along to 0.59 when all
13 variables were included. When plant volume, fresh weight, dry
weight and percent dry weight are included in the subset, {R* = 0,51},
the subset is rated as the best predictor of rubber content according
to Mallows’ Cp criterion.

The data for total rubber in Table 3, has a wider range of R? values.
However, when four variables are added to the subset, this range
narrows considerable, This subset has an R®* value of 0.85 and the best
rating of all combinations. The four variables were height, width,
volume, and dry weight which are all biomass related. When all 13
variables are included in the subset, the R? value is increased only
slightly to 0.88, and is rated eleventh.

The second regression with total rubber as the dependent variable,
attributes up to 88% of the variability. From the two models it can be
seen that percent rubber is not easily predicted. However, when a few
biomass variables are utilized, total rubber can be predicted more
accurately.

Means, standard errors and coefficients of variation {(CV} for the
different variables are presented in Table 4. Theoretically, each plot
represents a different genotype, however, the high range of variability
observed by the CV's were similar to those expected in a sexually
reproducing population. If these differences are heritable, this is
desirable in a breeding program since it offers an opportunity for
improvement through selection. The only variable with a low CV was
percent dry weight. In guayule it appears that the plants’ water
content remains constant, on a percentage bases, even though there are
ogbvious differences in the growth habits among the lines. These
differences in growth were reflected in the high CV for both dry and
fresh weight.

Other measurements of biomass include plant height, width and volume.

The variability in height and width were of nearly the same magnitude,

and similar to the variability for percent rubber (Table 4). On the

other hand, volume had nearly triple the variability due to the non-
linearity of the measurements, taking into account the square of the

radius in the calculation. The amount of variability was also large

for fresh and dry weight, although these are direct measurements. The
variability in dry weight and percent rubber are of potential interest

to the plant breeder since these two factors determine total rubber

yield. -

A comparison was made of the standard deviations (SD) among the total
population from 1987 with the standard deviation within each of the 42
selected lines in 1987 to assess variability (Table 5). Each of the 42
lines consisted of 10 plants, totalling 420 plants, which were used to
calculate the SD for the whole population. The lines exceeding the
mean and SD value, indicating high variability within the line, are
underlined. Thus, 42 different genotypes were tested, It is apparent
from Table 5 that a large amount of variability exist within some of
these guayule lines.

Annual Report of the U.S. Water Conservation Laboratory



102

This variability is hopefully genetic and can be used in selection.

The parental plants were apomictic and polyploid. Even though they are
apomictic this process is not a uniform in all genotypes. Varied
degrees and combinations of apomeiosis may occur, It is possible for
reduction and unequal chromosomal segregation to take place contrib-
uting to a varied degree of aneuploidy. The result of the chromosomal
imbalance is a genetic imbalance causing phenotypic variation within a
line. Mitotic recombination and somaclonal variation are also possible
sources of variation.

SUMMARY

These data indicate that rubber yield may be predicted with a high
degree of confidence. Since these measured variables are growth
related they are able to accurately predict biomass which is used to
calculate rubber yield. Rubber percentage on the other hand is not as
highly correlated to the variables measured herein and in any other
published study. The limitation of these models and amount of dif-
ficulty and time consumed in making these kinds of measurements may
lead the guayule breeder to the conclusion that more accurate and
simpler plant sampling techniques for rubber percentage need to be
developed.

This study has also shown that a large amount of variability exists
among and between the guayule lines tested. If the variability is
genetic indicating progress should be possible through selection. The
implication from these data is that genetic segregation does occur to
varying degrees in apomictic guayule lines. For obvious reasons, the
amounts of variation are important for the plant breeder, the grower,
and the seed producer to recognize. The challenge for the breeder is
to utilize the lines having large amounts of variation and then have
the ability to control the variability once desirable traits have been
selected and established within lines.

PERSONNEL

D. A. Dierig and A. E. Thompson
D. T. Ray, University of Arizona, cooperating
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Table 1. Correlation coefficients of variables of the data set from
42 guayule lines harvested in 1987.

Rubber content Rubber yield Dry welght

Variables (%) (kg/plant) (kg/plant)
Rubber content (%) — ~0.17 -0, 62%%%
Rubber yield (kg/plant) -0.17 — 0.85%%%
Height (cm) -0.33% 0.62%%% 0.65%%*
Width (cm) ~0,53%%* 0.59%%* 0.74%%%
Volume (m3) ~0.58%*% 0.6 5#%* 0.8 3%**
Fresh weight (kg/plant) ~0.62%%% 0. B4% %% 0.99%*%
Dry weight (kg/plant) ~(0,62%%% 0.85%%* -

% Dry welght 0.07 0,22% 0.14
Stem number 0.34% ~0.41%% =0 51%%*
Mean stem diameter (cm) ~0.42%% 0.68%%% Q, 7 1*%%
Total stem circumference (cm) -0,33% 0.76%%* 0.76%%%
Total stem area (cml) 0.05 0.35* 0.14
Mean stem area (cm2) ~0.42%% 0.68#*x 0.72%%%
Mean stem circumference (cm) ~0.47%% 0,66%%% 0.73%%%
Total circum/total area {cm™l) 0.41%% —0.67%*%* ~0.73%%%

*, %% 4%% = Significantly different from 0 at the 0.05, 0.01 and 0.001
probability levels.
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Table 2, Thirteen subsets of a regression model with percent rubber as the dependent variable for 42 lines harveated in 1987, _
Humbers ] through 13 each fnclude a different subset. The firat column I{s the multiple coefficient of determination (RZ).
The model rating column is based on a statistical criterin for selecting the model. The third column is the intercept. The
remaining columns are slope valuea for the respective variables.
: Hean Hean
Model Inter- Plant Plant Plant Fresh Dry Dry Stem Sten stem Stem stem Total cireum./ Stem
Ho. RZ rating cept  helght width volume wWeight weight weight diameter circum. circum, area area total area number
: (em) (cm) (emd) (kg/plant) (X} ({kg/plant) (cm) (cm) (em)  (em2) (em?) (en—t)
I. 0,38 5 9454 -1.77
2. D.41 6 6.10 0.05 -1.84
1. 0.47 2 -4,11 0.08 0.15 ~7.09
4, 0.51 4 ~6.39 ~-1.31 10,56 0.22 -14.81
5. 0.52 k] -6.10 0.02 -1.66 9.87 0.20 ~13.90
6. 0.54 4 -1l1,28 0.05 0.09 ~4.91 B.60 0.17 ~-11.78
7. 0,55 7  -16.75 0.05 -2.48 13,11 0.24 ~17.90 1.02 1.41
8. 0.56 8  ~19.56 0.06 0,07 -4,99 11.79 0.22 :-15.90 0.90 1.19
9. 0.58 9 -25.10 0.08 0.l16 =~-8.37 13,39 0,23 ~17.42 3,19 <D.10 0.24
10. 0.58 10 ~29.65 0.09 0.19 -9.47 15.13 0.26 -19.67 24,93 ~0.12 ~6.65 0,28
11. 0.59 11 =23.45 0.07 0.16 ~7.77 12.24 0.21 ~16.05 10.17 -0.27 0.28 -3,38 D.46
12. 0.59 12 -~27.89 0.07 0.15 =~7.646 12,96 0.23 ~16,97 9.12 -0.27 0.4 ~-3,00 0.90
13, 0,52 13 =29.13 0.08 o.l6 -8.07 13,58 0.24 ~17.77 13.15 -0.26 -2.03 0,32 -2.74 0.85 0.38
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Table 3,

Thirteen subsets of a regresaion model with total rubber as the dependent variable for 42 Iines borvested In 1987. Huchers

1 thtough 13 each {nelude a different subset.

The flrat coluan is the multiple coefficient of determlnacion (RZ). The

model rating column 1s based on a atatistical criteria for selecting the modeif. The third column ia the intercept. The
remaining columns are alope values for the respective varlables.

Model Inter— Plant Plant Plant Frech ' Dy ©  Dry Stem Stem g::: Sten g::: Total circum./ Stenm
No. r2 rating cept height wideh volume weight weight weight dlameter clrcum, cireum, areas area total area number
‘ (em) (em) (em?)  (kgfplant) (Z} (kg/plant) (eam) (cm}  (em) (em?) (cm?) (er™l)

1. 0.73 13 31.9 45,32

2. 0.78 12 ~0.2 43,54 0.69

3, 0.80 9 7.1 37,14 1.01 ~1,05
4, 0,85 L -230,2 1,39 2.97 -129.6 69,88

5. D.B6 2 - -284.9 1.26 2,79 «124.% 53.75 1.00

6, 0.86 3 ~2B1.6 1.25 2,81 ~124,0 51,45 0.92 1.31

7. 0.87 & =327.1 1.38 2,51 -118.9 ‘ 53.78 0,95 6.32 11.15

8., 0.87 6 -~355.1 1.1 2,37 -114,5 80.91 1.9 -37,00 ‘ 7.56 12.35

9, 0.88 5 =261.5 .93 2.00 ~B8.7 66,01 ~).62 6).67 5,37 ~84.26 5.79
0. 0,88 7 =325.B .ol .14 97,7 50.65 0.52 =3.17  56.33 4,33 -69.32 5.44
11, 0,88 8 ~3313.8 1.02 2.11  ~96.9 50.79 0.82 -3.22 55.56 4,65 63,88 3.99 5415
12, 0.88 ‘10 ~329.1 1,01 2.0t -93.7 50.72 0.82 -56,09 =-3.19 72.85 4.69 ~68,72 ‘ 4.81 5.02
13, 0.83 11 0.98 1.93  ~%0.1 3B8.35 0.63 16.09 ~97.4 ~3.25 B7.38 4,BB -72,12 4,64 5.0%

- =309.9

cOT
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Table 4. Means, standard errors, and coefficients of variation of
variables from 42 guayule lines harvested in 1987. Plots were '
harvested as a composite of ten plants.

Mean + Standard Coefficient
Variable error of variation
Rubber (%) 7.4 + 0.18 15.8
Rubber (g/plant) 86 + 3.3 25.3
Plant height (m) 0.91 + 0.016 11.1
Plant width (m) 0.90 + 0,018 13.1
Plant volume (m3) 1.23 + 0.06 34,1
- Fresh weight (kg/plant) 1.65 + 0.08 32.8
Dry weight (kg/plant) 1.19 + 0.06 34.4
Mean stem diameter {(mm) 11 + 0.4 24.9
Mean stem area {mm2) 15 + 1.1 47.4 B
Mean stem
circumference (mm) 36 + 1.4 25.0 '
Total circumference/
total area (mm™1) 27 + 0.8 20.2
Total stem area (mm2) 191 + 7.6 25,7
Total stem
clircumference (mm) 498 + 11.3 14,7
Stem number 15 + 0.6 27.5
Dry weight (%) 71 + 0.6 5.5

5, e
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Table 5. A comparison of the standard deviations (SD) of variables of
~ 42 gelected lines for 1987 compared to the SD of the entire
population. The values in the row above line number 1 are the
SD's of the entire population from 1987, Bold face underlined
numbers indicate that the SD of that plot 1s greater than the
8D for the entire population of 420 plants.

Line Fresh Dry Stem
no. Rubber Rubber Height Width Volume weight weight diameter
(%)  (g/plt) (m) (m) (m3) (kg/plt) (kg/plt)  (mm)

1.17 21.7 1.003 1.173 0.210 0.540 0.410 2,80

1. 1,28 32,8 0.985 1.852 0.386 1.110 0,756 4.10

2. 0.65 14,8 0.326 1.032 0.096 0.233 0.181 3.04
3. 0.86 21.5 0.432 0.979 0.119 0.426 0.321 1.20
4. 0.28 25.0 0.641 0,899 0.149 0.401 0.288 1.75
5. 0.35 21.6 0.349 0.792 0.132 0.401 0.290 3.01

6. 0.71 22.1 0,505 1.228 0.234 0.300 0.210 1.43

7. 0.72 46,7 0,775 1.349 0.189 0.957 0.689 4.01

8. 0.41 09.2 0,291 0.818 0.107 0.145 0.098. 2.006
9. 0.63 16.6 0.803 1.135 0.152 0.293 0.219 1.81
10, 0.71 13.7 0.473 1.130 0.122 0.202 0.154 2.53
11. 0.82 10.6 0.694 0.384 0,056 0,139 0.127 1.12

12. 1,02 41.0 0.600 0.748 0.153 0.605 0,479 4.05

13. 0.87 29.9 0.612 1.065 0.170 0.486 0.350 3.21
14, 0.58 08.5 0.350 0.990 0.077 0.188 0.144 1.69

15, 0.92 34,0 1.076 1.613 0.243 0,605 0.452 4.03 -

16, 1.42 52,5 1,003 1,179 0.262 0.899 0.604 4.49

17. 0.62 88,3 1.797 2.834  0.453  1.529 1.304 3.16

18. 0.37 64,9 1.705 0,922 0.297 2,149 1.463 3.86

19. 0.59 23.8 0.846 0.998 0,119 0.418 0.273 1.61

' 20. 0.51 15,8 0.696 1.059 0.173 0.428 0.282 1.50
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Table 5. Contd
Line Fresh Dry Stem
no. Rubber Rubber Helight Width Volume weight welght diameter
(%) A{g/plt) (m) (m) {(m3) (kg/plt) (kg/plt) (mm)
1.17 21.7 1.003 1.173  0.210 0.540 0.410 2.80
2l. 0,51 25.4 0.795 0.990 0.195 0,637 | 0.461 2.08
22. 0.73 37.4 1474 1.159 0,349 1,029  0.759 3.16
23, 1,28 2444 1.229 1.698 0.249  0.452 0.307 2.03
24, 1.56 14,2 - 1,303 1.257 0.225 0.398 0.276 1.52
25.  1.24 16.8 1.149 1.137 0.148 0,336 0.248 1.36
26. 1.00 17.6 0.732 1.000 0.129 0.238 0.257 1.56
27. 0.49 17.0 0.984 1.523 0.215 0.258 0.193 1.98
28, | 0.84 35.1 0.931 1.559 0.242  0.527 0.379 1.19
29. 0.77 22.2  0.694 0.859 0.121 0.343 0.244 1.18
30. 0.35 17.5 1.100  1.302 0.202 0.324 0.250 1.20
31. Q.67 18.3  0.419 1,391 0,214 0.350 0.244 1.40
3z, 0.68 28.4  0.401 0.794 0.115 0.484 0.337 1,87
33. 1.27 28.1 0.636 1.528 0.195 0,400 0.240 1.94
34. 0,81 32.2 1.138 1.256 0.224 0.638 0.472 2.61
35, 0.6? 21.5 0.636 1.203 0.176 0,415 0.304 2.04
36. 0.68 22,2 0.752 1.047 0,173 0.362 0.279 2.98
37. 0.82 24.2 0.888 1.534 0.188 0.477 0.322 2.10
3a, 0.63 31.9 1.286 1.557 0.254 0,645 0,442 1.36
39, [.15 33.8 1.669 1,552 0.254  0.586 0.447 2,29
40, 1.29 24.3 1.075 1.026 0.180 0.337 0.251 1.45
41, 0.51 2l.2 0.951 1.221 0.217 0.389 0.298 | 3.77
42, 1.07 | 19.6 0.611 1.196 0.137 0.356 0.262 1.20
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TITLE: GUAYULE BREEDING EVALUATION FOR INCREASING RUBBER AND RESIN

PRODUCTION
SPC: 2.1.03.1.b CRIS Work Unit: 5344-21000-002
INTRODUCTION

The commercialization of guayule {(Parthenium argentatum Gray} depends on
the development of cultivars with high quality and high yielding charac-
teristics. Presently a wide variety of guayule germplasm is available to
breeders and the means to generate more variability also exists. The
next logical step in the guayule breeding program is to identify lines
that are consistent in their quality and yield and to compare them in
various types of environments.

Various projects have recently been established for this purpose. The
longest standing is the Uniform Regional Variety Trial which was planted
in October 1985, This same planting was also carried out in four other
locations across the Western United States. The purpose was to compare
promising guayule lines chosen by the Guayule Management Committee, and
test their performance in different environments over a period of three
years. In October 1986, 29 selections from the University of California,
Riverside program was established in Maricopa, AZ. This same experiment
was also planted in Riverside and Palmdale, AZ. Three years of harvest
data will be obtained, beginning in February 1988, to evaluate these
lines and estimate the genotype-~environmental interactions. Two addi-
tional experiments were planted at Maricopa, AZ, in March 1988, to
evaluate selections made from a cooperative effort with the University of
Arizona. The purpose of one is to evaluate 16 selections in a replicated
experiment. The second study included four selections comparing seed
progeny and vegetatively produced plants. Since the plants produced
vegetatively should be genetically the same as the plants used to obtain
seed of the progeny, a parent-progeny comparison can be made in this
replicated study. Information about the heritability of various guayule
traits can then be obtained.

Harvest data up to the second year from the Regional Variety Trial is
presented below. Data from other projects are not yet available due to
the young age of the planting but will be available in subsequent years.

Field Procedures

The Second Guayule Uniform Regional Variety Trial was established in 1985
at five locations including Ft. Stockton, Tx, Rio Grande, TX, Las Cruces,
NM, Riverside, CA, and Maricopa, AZ. Eight quayule lines being evaluated
for this study were N576, 11605, N396, €250, C254, A2101, 11604, and

* 11634. These lines were examined for percent rubber and resin, dry
weight (kg/ha), and rubber and resin yield (kg/ha). Samples from all
locations were sent to Dr. Earle Hammerstrand, NRRC, Peoria, IL, for
rubber and resin analysis by NIR method.

The study design was a randomized complete block with four replications.
Plants were to be harvested each year for three years following planting
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and terminated after the 1988 harvest. For each harvest six whole plants .
in each replication were dug from the field and bulked as one sample. '
Fresh weights were taken of each sample. Plants were then chipped

through a Diadem chipper to approximately 1,2" branch diameters. A

sample of this was taken to determine percent dry weight by oven drying

for 48 h at 50° C. The estimation of dry weights and yields were figured

by assuming 27,500 plants per hectare.

Transplants were planted at the Maricopa location on October 8, 1985.
The first year’s harvest was in March 1986. Plants were in the ground
less than six months at the time of the first year’s harvest. Since the
planting took place only a few months prior to this dormant season,
plants were very small and little information about the varieties was
obtained. The second year of harvest was in March 1987. Analysis of
variance and mean separation were used to compare varieties and distin-
quish differences from these date {(Tables 1 and 2j}.

Results

The first year’s data showed significant differences in dry weights but

no significant difference in percent rubber and rubber yield (Table 1}.

A2101 had at least twice the dry weight mean as the other lines but was

the lowest in wmean percent rubber. It still produced the highest mean

rubber yield the first year although not significantly different than the

others. As mentioned above, these plants were not in the ground more /
than six months prior to the first harvest and therefore these results L
are of little value. .

The F values in the analysis of variance for the second year’s data
indicate significant differences between quayule lines dry weight,
percent rubber, and rubber yield. Percent rubber and rubber yield were
both significant at the .001 level and dry weight at the .01 level. The
mean separations reveal which means are significantly different

(Table 2).

A2101 was placed in a group apart from the other lines by this separation
method. This line had the highest mean dry weight again the second year

and also the lowest percent rubber as in the first year. However, in the
second year the rubber percentage was much lower than any other line

tested. This resulted in a lowest mean rubber yield. This is evidence

that most lines examined so-far with low rubber percentage do not

compensate in yields even though they have more biomass. Beside the o
lower yields, these plants because of their 51ze, are a problem harvest-

ing and processing.

Lines C254, 11604, C250, and 11634 had the highest rubber yields and the
highest rubber percentages for this location. The mean rubber percentage
of this group ranged from 6.8% to 6.2% and were not statistically
different. The mean rubber yield ranged from 919 to 774 kg per hectare
for the four lines, also statistically the same. This is substantially
higher than the line with the lowest mean rubbet yield, A2101, with 501

kg per hectare, .’

Annual Report of the U.S. Water Conservation Laboratory



111

~ SUMMARY
The evaluation of guayule breeding material is developing at a good pace.
Although the results of only one of the four projects are presented here,
much more information will be available to us as plants become old enough
to harvest. the development and evaluation of germplasm for a breeding
program take a great deal of time and consistent manpower to be success-
ful. These current projects have been well planned and involve cooper-
ation between tesearchers. The eight lines evaluated in the Uniform
Regional Variety Trial indicate that after two years of growth, yields
are approaching 1,000 kg/ha of rubber. The best lines for yield include
€254, 11604, C250, and 11634. These yields are definitely improvements
from the start of the program. Indications are that with continued
efforts, the potential is present for further substantial increases in
yields.

PERSONNEL

D. A. Dierig, A. E. Thompson, E. R. Johnson, and C. S. Minnich

Annual Report of the U.S. Water Conservation Laboratory



112

TABLE 1 )
Regional Uniform Variety Trial '
1986 1lst Year

Means, standard error, and Waller-Duncan grouping for dry weight, rubber
content, and rubber yield of 5-month old guayule plants at the Maricopa,
AZ, location.

Dry Weight Rubber Content Rubber Yield
Entry (kg/ha) (%) {kg/ha}
A2101 62.5 + 17.4 A * 2.3 + .20 B 1.50 + .20 A
N576 42,0 + 6.2 AB 2.9+ .19 AB 1.23 + .19 AB
11605 31.5 + 1.4 B 2.8+ .07 AB 0.90 + .07 A B
N396 29.4 + 7.1 B 2.9+ .15 AB 0.88 + ,15 A B
11604 28.8 + 4.5 B 3.1+ .08 AB 0.90 + .08 A B
11634 23.0 + 1.6 B 3.0+ .34 AB 0.70 + .34 B
C254 21.6 + 0.8 B 3.1 + .22 AB 0.65 + .18 B !;4 ,
C250 20.5 + 1.8 B 3.2+ .18 AB 0.68 + .22 B .

* Means with the same letter are not significantly different at the .01
level by the Waller-Duncan k-ratio test.
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TABLE 2
Regional Uniform Variety Trial
1987 2nd Year

Means, standard error and Waller-Duncan grouping for dry weight, rubber
content, and rubber yield of 17-month old guayule plants at the Maricopa,
A7, location.

Dry Weight Rubber Content Rubber Yield
Entry {kg/ha} (%) {kg/ha}
A2101 16559 + 1169 A * 3.0+ .26 D 501 + 73 D
€254 13565 + 1098 B 6.8 + .36 A 919 + 103 A
11604 13362 + 835 B 6.4 + .28 A 861 + 63 A B
C250 12981 + 710 B 6.6 + .17 n 860 + 57 A B
11634 12458 + 783 B C 6.2 + .42 A B 774 + 85 A B
N396 12091 + 569 B C 5.7+ .47 B 699 + 88 CB
11605 11663 + 628 B C 4.9 + .32 C 573447 CD
N576 10415 + 745 B C 5.7+ .18 B 592 + 60 CD

* Means with the same letter are not significant by different at the .01
level by the Waller-Duncan k-ratioc test.
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TITLE: AUTOMATIC CANAL CONTROL METHODS
SPC: 1.3.03,1.d CRIS WORK UNIT: 5344-13000-001
INTRODUCTION

A number of methods have been proposed for the automatic control of
gates within canal systems. The purpose of this report is to attempt
to categorize these methods in the context of control theory.

There are a number of standard control methods. Feedback control
schemes measure output conditions and adjust the process input. Feed-
forward control schemes measure the input conditions and adjust the
input (e.g., measure one input and adjust another input variable).
Optimal control schemes determine the optimal input based on assumed
conditions with no input or output measured. Optimal control is
frequently combined with either feedforward or feedback control.
Techniques used to implement these basic control methods can be sub-
divided into statistically based control and process based control.

STATISTICALLY BASED CONTROL

Statistically based control methods use statistical information about
the process conditions (input or output) to determine whether or not
the process is in control or out of control. Typically some acceptable
tolerance on the level to be controlled is established. If the level
is outside these control limits, adjustments to the inputs are made.
These adjustments can be either empirical or can be based on results of
prior evaluation of a process model. No process model per se is in-
cluded in the feedback process. These techniques are usually designed
to be very simple so that they can be evaluated in real time. They are
limited in that they ignore relevant information about the physical
process. For processes with a time delay between input and output, an
empirical time delay is used to provide stability.

Statistical process control methods are almost exclusively feedback (as
opposed to feedforward) and generally do not include an optimal control
component. Examples of statistically based process control ineclude
acceptance sampling, time series forecasting, etc. Changes in input
conditions are frequently handled by restarting the statistical algo-
rithms, rather than correlating the new conditions with past output.
They are applicable: where no process model exists; where a process
model 1s too inexact or complex, for example when physical material
properties are not known and too expensive to measure; or where real
time constraints preclude evaluation of a complex process model.

Acceptance sampling will not be discussed here since it has little
relevance to canal control techniques. There are a number of time
series forecasting techniques that are relevant for canal control. The
simplest scheme is to provide a control action when a single measured
value is outside predetermined control limits. If time delays are
significant, then this method may make adjustments too late. More
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sophisticated techniques attempt to determine whether the measured ‘
level is "headed" out of bounds. This is done by using a series of

measured wvater level to predict future water levels. The problem here

is to distinguish between random fluctuations in level and a trend away

from the control setting. Time series forecasting techniques such as

exponential smoothing are ideally suited to this type of problem. With

these techniques, the only statistically based decision is whether a

corrective action needs to take place. It provides no information on

how much correction is needed nor on when to make corrections. These

decisions are made prior to implementation of the technique.

Box-Jenkins technigues: Box-Jenkins methods are an extension of the

simple methods such as exponential smoothing and moving averages. They
provide more flexibility to model a wider range of statistical con-

ditions. These methods have been extended to include correlation of

output with prior input. This allows them to account for time delays

in the process. 5AS’s State Space modeling is an example of this type

of statistical model. However, it 1s actually more general in that it

allows correlations of inputs and outputs in both directions. It is a

true muliivariate approach, analogous to the General Linear Model of
classical statistics (e.g. hypothesis testing). As a result, the SAS

state space approach is more cumbersome than needed for feedback

control. The general form for Box-Jenkins type feedback models with a »
single output is /

@(B)ytmT(B)ut +®(B)et 'llO.tsilI'&tullO..!..‘l.‘...u.‘.c.“.(l) ‘
where

y, = output at time t

u, = input at time t

€, = estimation error at time t (random with mean of zero)

B = backshift operator, such that

¥B) =y, + By, +Hy, .t e

and #(B), v(B) and ©&(B) are vectors of constants. (Note that ©® is used
differently in time series forecasting than it is used in functional
model parameter estimation).

Kalman Filtering: Bayesian forecasting with Kalman filtering is a
similar approach to Box Jenkins’ in that state transition information °
is used. The major difference is that the Kalman filter explicitly
considers process state information in addition to input measurements.
Output is based on the current state (and inputs), while the current
state is based on prior states (and inputs). Errors in output esti-
mation are separated from errors in state transition estimation. The
resulting systems of equations for both these models are all linear.
The Kalman filter is potentially more useful for feedback control
applications than a strictly state space formulation. The Kalman
filter statistical forecasting model is sometimes referred te as the { ;
Dynamic Linear Model. (This is different from the General Linear Model ‘
which is used fer hypothesis testing, e.g. ANOVA). The general form of

this model for a single output variable y, is
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Y = F S, v v,

StEGSt"‘l-'-Ut t‘.‘l!llll.tu."i'l.ld..’.'u“.‘.!Di‘t‘l....ql(z)
vhere

5, = state vector at time t

v,y ¥, = estimation errors at time t (random with means of zero)

F, = transition vector between current state and measured output

and G = state transition relation (can be fixed or a function of time).

On the surface, equations 1 and 2 appear radically different, however
in actuality they contain much of the same information, just in
different forms.

Use of statistically based methods assumes a period of time over which
the system is observed. These observations are then used to develop a
statistical model of the process. If the process is linear, standard
procedures are available to determine feedback control settings. If
the process is not linear, then it can frequently be (locally) linear-
ized in order to use these relatively straightforward techniques. If
the linearization is not adequate, then solution methods become much
more complicated, as does control. Development of these models is very
much an art. As a result, the simpler, less powerful methods are most
often used since they require less data and development time. Simula-
tion can also be used to develop reasonable statistical models of a
process when feedback is used.

The statistically based models discussed here are referred to as para-
metric models. That is, a model is constructed with a series of
parameters which when multiplied by a series of constants gives a fore-
cast. The form of the model does not change during the forecasting
process. Parametric models nearly always assume that model errors are
normally distributed and random. This assumption is used to “fit’ a
model to a data set {e.g., by least square difference).

It is also possible to construct a nonparametric statistical model to
provide feedback control. Nonparametric models do not assume a partic-
ular equation form. There are two groups of nonparametric techniques
in common use: acceptance sampling methods, such as the Runs Test; and
nonparametric regression. Common nonparametric regression techniques
include the nearest neighbor estimator and the kermal estimator. Non-
parametric regression methods may not be very applicable to process
control, since they tend to ‘over fit’ the data. Nonparametric re-
gression 1s a fairly new field. Most nonparametric models assume
‘random’ model errors. Statistical pattern recognition methods are
nonparametric in nature and may have some application in statistical
process control,

h]
Adaptive estimation: In the development of parameter and control exti-
mates, a model is constructed so that errors are normally distributed
with a mean of zero. The process underlying this model is assumed to
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be stationary with respect to the model, that is model parameters are
not time dependent (even though actual values of input and output are
time dependent). There are some processes which exhibit sudden shifts
in process conditions which make the stationarity assumption invalid.
Adaptive techniques are used to revise the process model based on
information that suggests a shift in process conditions. A model for a
process is usually developed off line over a ‘tuning’ period and then
applied to current and future time periods. Under adaptive control,
'tuning’ continues to take place on-line. In some cases, the process
gradually shifts away from the process model, in which case, the
parameter estimates can be gradually shifted with some form of statis-
tical averaging. Or as an alternative, the model parameters can be
periodically reviewed and undated, although this might not be con-
sidered adaptive estimation or control. In other cases, the process
makes rapid (step) changes. This may require a sudden change in para-
meter values to keep the system under control. This can be a difficult
control problem, since it requires both the detection of a sudden shift
and determination of new model parameters based on limited data.
Current methods available for quickly adjusting for rapid shifts tend
to be ad hoc rather than theoretically based (e.g., try something and
see if it works).

PROCESS BASED CONTROL

Process (or functional) model based control methods use a mathematical
model of the physical process to determine any adjustments to the input
required to bring the output to the required condition., Process based
control methods often include an optimal control component. Under pute
optimal control, process conditions are assumed and the optimal control
settings are determined from the process model. 1In general, it is not
possible to predetermine all process conditions and states a priori.
Thus some feedback of process conditions (either input or output) is
usually necessary for optimal control to be effective.

Process models represent the physical dynamics of the process involved.
They are constructed to compute the results (output) for a given set of
physical conditions (inputs and states) over time. Unless the model is
very simple, it may not be possible to directly solve for the inputs
needed to arrive at a desired process output. In addition, there may
be several combinations of inputs and states that result in a common
output state. There are two basic approaches to determining optimal
control settings for some desired output. First, the process model can
be run multiple times and response surfaces developed which can be
later evaluated. 1If this is infeasible (e.g. due to large number of
possible surfaces) search methods can be used to find the optimal input
states. The second method is to linearize the dynamics of the problem
so that a linear relation exists between inputs, states and outputs.
Then optimal input conditions can be determined directly from desired
output. 1In practice, this is slightly more complicated since inputsg
and outputs are related by a linear system of equations rather than a
single equation.

L
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Incorporating optimal control within feedforward control requires
little modification to the above discussion for optimal control, since
input is assumed known initially. The only modification would be
associated with possible errors in input measurements. If the respanse
is symmetric and the errors are normally distributed, then the expected
(measured) value of the input will give the expected (computed) value
of the output. In this case, measurement errors do not affect the
optimal control setting. If these assumptions do not hold, then the
expected value of the output must be computed as a random variable, a
somevhat more time consuming process.

Incorporating optimal control into feedback control is less straight-
forward. For example, what if the optimal control setting does not
produce the desired output. This could be caused by errors in input
and output measurement, errors in the process model, or errors in the
initial process state. Recognizing the possibility of these errors,
feedback control models are concerned only with relative changes in
conditions, not absolute conditions.

Classical Feedback Control: Classical feedback control techniques are
based on Linear Systems Analysis (LSA), in which the process model is
reduced to a set of linear ordinary (as opposed to partial) differ-
ential equations. Laplace transforms are used to represent these
linear differential equations as linear equations. These linear
equations are then combined, and a single linear relation (transfer
function) is determined for the process and any feedback. Inverse
Laplace transforms are used to develop an expression for total system
response to input. In order to determine inverse Laplace transforms,
the transfer function denominator must be factored so that the transfer
function can be broken out into partial fractions. The coefficients of
these partial fractions are a complex combination of the variables that
existed for the process and the feedback control. The approach taken
in LSA is not to determine optimal control settings, but rather to
follow simple rules based on the error in the desired output. This
implies that the response to control changes are immediate (i.e., no
time delay).

There are four simple classical control techniques; proportional con-
trol (P), integral control (I), differential control (D), and on-off
control. Under proportional control, the input is directly propor-
tional to the error in the output. Under integral control, the imput
is proportional to the integral of the error (area under time-error
curve, or summation of error values), Under derivative control, the
input in proportional to the rate of change of the output. Under on-
off (or bang-bang) control, the input is either on or off depending on
whether the error is positive or negative. These control methods have
found many applications. In many cases, analeg electronic hardware is
available for performing the feedback control function. PID control-
lers are a fairly common, robust control method for many applications.

Application of PID controllers requires evaluation of the proportion-
ality constants (gains) for each component (¥, I and D control).
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Linear Systems Analysis is used to determine the effects of these ‘
proportionality constants on the stability, response time, overshoot
and oscillatory behavior of the system. Thus control gains can be
determined which will provide a particular level of performance. The
system response depends on both the dynamics of the system and the PID
control gains. 1In application, only feedback gains are used in con-~
trol, LSA is used to evaluate the response of the control system prior
to operation. In the LSA evaluation process, coefficients are deter-
mined for an output response equation based on assumed system behavior
and feedback gains. These coefficients combine the effects of the
system behavior and the feedback control behavior. Time lags between
input and output result in oscillatory behavior of PID controllers.

The greater the time lag, the greater the magnitude and period of the
oscillations. This problem with classical PID controllers has prompted
the development of control algorithms that include predictions of
process changes and delays.

If the process is not well known beforehand, it is possible to set the
feedback gains by observing cutput performance changes resulting from
input changes. A "tuning" period is used to determine proper feedback
gain levels to give a “reasonable" response. Exact determination of
feedback gains is not possible under these conditions because it is not
possible to separate the effects of unknown process parameters from
controller gains. Determining system response relations from observed
output is frequently known as the identification process. Usually some E
form of response relation or model is hypothesized and the identifica- .
tion process then determines values for the model parameters (also

known as parameter estimation). It must be remembered that these

parameters are neither system dynamics variables nor feedback gains,

but a combination of the two.

Repulator Theory: Regulator theory provides a significant improvement
in contrel capabilities over traditional Classical control methods
(Astrdm, et al 1977). These methods have been available for several
decades, but have found their way to general application only in the
last 10 to 15 years. Under regulator theory, the feedback control
system is subdivided into three parts. The first (parameter estima-
tion) determines values of true process variables strictly based on
feedback from the process. The second determines values for control
parameters based on process parameter estimates and their uncertain-
ties. The last uses control parameter estimates and output measure-
ments to determine actual control settings. This separation of system
parameter estimation from control parameter estimation provides for a
wide variety of methods.

If the process is linear, there are a number of techniques which can be

used in parameter estimation. The most common are based on least

squares (error) estimates and maximum likelihood estimates. When the

process is linearized over time, the process equation form is essen-

tially identical to the stochastic time series equation, Equation 1. {

Thus the process model can be derived from true process dynamics or —
from statistical estimation. The resulting model is essentially the .
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same. Unfortunately, the process model must be strictly from process
dynamics (theoretical behavior) or from statistics {observed behavior),
Combining the two is somewhat difficult, and will be discussed later.
If the process is not linear, then the state transition relations of
Equation 1 are not usable. Here, search procedures are generally
required in order to determine values for true system variables. In
some cases, it may be possible to use some pseudo system response in
place of true process variables.

Control strategies (laws) can be develoied which are in the form of a
linear transfer function, for example {Astrdm, et al, 1977)

U, = G(B) Yy

>
~
[us]
~—

vhere u_ is the control action. If it is desirable to minimize changes
in input, then Linear Quadratic Gaussian Theory can be used to generate
control laws based on minimizing the expected value of the sum of the
output error squared and a constant time the control change squared.
The control law developed is based on a known linear process model of
the form of Equation 1. Control laws can alsoc be generated which
simply minimized the expected variance of the output {i.e., regardless
of number and amount of control changes}), again based on a known pro-
cess equation {(minimum variance controllers).

In observing Equation (3), it is clear that control laws could be gen-
erated from statistical observation of the impact of control changes
for a given set of circumstances. It may be difficult to generate such
control laws without a significant number of trials, many of which
would have undesirable outcomes. One method for overcoming this unde-
sirable feature of generating statistically based control laws is
through the use of genetic algorithms. Genetic algorithms are a tech-
nique for varying the control settings from the current best estimate
of the optimal control setting in order to work toward a better esti-
mate of the optimal control setting.

Kalman Filter: The Kalman filter was described above according to its
use in statistical estimation. However, it was originally develop as a
means of parameter estimation for process model based control. The
equation form is given in Equation 2. The only difference in applica-
tion for functional or process baged control, as opposed to statis-
tically based control, is that the state transition matrix G and the -
transfer function F, are process model based rather than statistically
based. As disaussea above, the state transition approach of the Kalman
filter has advantages over the state space approach of regulator
theory. The Kalman filter approach can be used to generate control
strategies as well as parameter estimates.

Adaptive Control: The same basic principles of statistical adaptive

control apply to functional model adaptive control, namely that if the
process is not stationary with respect to the process model, adaptive
control becomes necessary. Adaptive control laws, even for functional

Annual Report of the U.S. Water Conservation Laboratory



122

model based control systems, are statistically based, since it is "’
necessary to determine ’'statistically’ if a shift in the process has
taken place. Astrdm (1983) presents three type of adaptive centrol
which are in use. Gain scheduling uses measured values of auxillary
variables to adjust model parameters. This requires the auxillary
variable to be correlated with changes in the process. Model reference
adaptive control (MRAC) uses a process model to predict process out-
puts. (Note that an actual process model is not used in linear control
theory. It is however embeded into the estimation and control pro-
cess). MRAC uses the errors between the predicted and actual output to
adjust model parameters. Methods for making this adjustment while
still assuring stability and convergence are not easy to develop.
Current methods are somewhat limited. Self-tuning regulators use
recursive parameter estimators to essentially reevaluate model
parameters in real time. A number of different types have been
developed, most are based on a statistical evaluation, for example
maximum likelihood estimation or least squares. (The self-tuning
regulator was first suggested by Kalman in 1958).

Nonlinear Process Control: Many real processes are nonlinear in

nature. Use of the above techniques requires linearization of the

process (differential) equations. The most common approach is approach

is local limearization. For the classical control theory, this can

lead to computational inefficiencies if the entire set of equations J
must be resclved for each set of conditions. Regulator theory and o
Kalman filtering essentially resolve for local conditions anyway, so ‘
this poses no significant increase in computation time. Solving

nonlinear parameter estimation problems without linearization pose a

much more difficult problem. In general, response surface search
methodologies are employed. Such methods can be extremely inefficient

and time consuming computationally. Development of control strategies

for nonlinear systems can also be very difficult. Normally, parameter
estimation provides a mean value and a standard deviation based on a

normal distribution, which is symmetric. For a linear system, a

symmetric distribution on input gives a symmetric distribution on

outputs. Then the optimal control can be based on the mean parameter

value. If the response in nonlinear, then the symmetric input distri-

bution does not result in a symmetric output distribution and the

optimal control setting may not result from the mean parameter value.

This greatly increases the computation time needed to find optimal

control settings.

In some processes, the final output (upon which performance is based)
is not observed until the process has been completed. This is par~
ticularly true for batch jobs, as opposed to continuous processes. In
this case, intermediate information about the process is monitored as a
means of determining the state of the system. Such situations strongly
suggest the use of functional, as opposed to statistical, models of the
process. In some cases, hierarchical control would be in order, where
the low level controller would maintain the intermediate output at the ;
desired level and the higher level controller would determine the e e
appropriateness of the desired level used by the low level controller. ‘
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FUZZY AND EXPERT CONTROL

Many complex processes are too vague to be precisely controlled by
modern control theory methods. Many such systems are controlled by
gualitative, ad hoc rules for contrel. Fuzzy control systems attempt
to gqualitatively determine the state of the system, from which control
rules can be developed. These control rules are generally developed
from first observing an "expert operator", then observing and adjusting
the control rules according to observed performance. {This can also be
done statistically, for example with genetic algorithms). Fuzzy
system theory provides a systematic and mathematically rigorous method
for solving these type of control problems. In many ways, this is
similar to the Expert System approach, where the control rules of an
expert operator are encoded. On a preliminary level, both provide
essentially ad hoc control rules common to many mannually controlled
systems.

CANAL CONTROL HETHODS

There are a number of control strategies which can be employed in the
control of canal networks. A significant distinction is made between
the control of in-line canal check gates for controlling water levels
and flows within a canal and the control of canal offtakes where water
is transferred from one canal to another. The basic control strategies
are outlined below.

Upstream control: Each inline check gate is controlled so as to
maintain a constant vater level immediately upstream, where
offtake gates are typically located. By maintaining a constant
level on the upstream side of an offtake gate, it is presumed that
offtake flow is constant. Errors in rate of flow from upstream
canal reaches are simply divided between the continuing canal
downstream and the offtake. If offtake structures are designed to
maintain constant discharges, errors tend to accumulate down-
stream. These gystem can be extremely stable, since there is
essentially no time delay involved.

Downstream control: Bach inline check gate is controlled to main-
tain a constant level at some point downstream. If the level to
be controlled is at the downstream end of the next canal reach or
pool downstream from the gate then a significant time delay exists
vhich must be taken into account by the control system. In
addition, the distance may be great reguiring some form of com-
munication (e.g., other than water). If the level to be
controlled is immediately downstream from the reach time delays
are eliminated, but a number of other problems result. Different
flow rates in the reach result in different water surface pro-
files. Thus a constant level at the upstream end of a pool does
not correspond to a constant flow rate at the downstream end of a
pool. To allow zero flow in the reach requires a canal with a
level top which can be prohibitively expensive for all but very
small canals. . In addition, any change in flow to adjust level
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results in a wave which travels to the downstream end of the
reach, causes changes in flow there and generates a reflective
wave which travels back upstream. In addition, changes in back-
water curves can eventually change the level at the upstream end
of the reach. The result is a slow oscillatory behavior. 1In
actuality, the level at any point in the pool can be used as the
desired level for control. If the level to be controlled is in

the center of the canal reach, then the control method effectively

becomes a controlled volume control.

Flow Rate Control: Flow rate control is a method for regulating
the discharge at canal bifurcation and offtakes. Here an offtake
gate is regulated to remove a constant discharge from a canal,
independently from either upstream or downstream levels.

Centralized Control: Upstream, downstream and flow rate control
are essentially local control methods, where control of a par-
ticular gate is dependent strictly on the conditions in adjacent
pools, Centralized control methods attempt to coocrdinate the

regulation of all (check) gates for a particular canal. There are

a number of strategies which are employed and will be discussed
below.

CANAL FEEDBACK CONTROL

A number of mechanical/hydraulic devices are available for the control
of local canal water levels and flow rates. Host have been reliable

and stable and will not be discussed in detail here. O0f note, however,

is the misapplication of some of these local controllers for trying to
control the water level immediately on the downstream side of an off-
take gate, vhen in reality the level at the downstream end of the pool

needed to be kept at a constant level. The basic problem was discussed

above.

The use of motorized gates for canal control has introduced an addi-
tional problem. Motorized gates tend to move much more quickly than
wvater levels and flows can respond. Thus even for local controllers,
delays have to be built into the system to aveid unnecessary oscilla-
tions. Two approaches to this problem are: the use of variable speed
stepper motors, and the use of variable on-off times. For the size
motors required for canal gates, sStepper motors are probably prohibi-
tively expensive. The later method with short on times followed by
longer off times (even when control action is requested) is more
common. Without such delays and a control deadband, motors would be
quickly worn out.

EL~Flow: One of the first applications of true feedback control of

inline canal reaches was the EL-FLOW system developed by the U.S5.

Bureau of Reclamation in the late 1960's and early 1970's (Pless,
1987). EL-FLOW is a local downstream control system, where the water
level at the downstream end of a reach is feed back upstream to the
gate controlled. EL-FLOW was developed with classical control
techniques as a proportional controller. It has been implemented in

H

s
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analog form on the Corning canal in central California. HMuch of the
mathematics associated with the development of the control system can
be found in Shand (1971). Since classical control does a rather poor
job of handling time delays, some modifications to classical
proportional control were evaluated.

As discussed previously, Classical control techniques are concerned
with relative changes (e.g., relative gate position). When time delays
exist, errors in control persist even after the correct amount of
corrective action has been applied. To avoid this problem, the EL-FLOW
system uses absolute gate position as related to control error. (thus
this becomes proportional~position control rather than classical pro-
portional control). This provides the initial adjustment reguired for
downstream flow changes. However, this provides a constant gate
opening for any downstream water level, To overcome this, the RESET
function was added, which integrates (accumulates) errors in water
levels. EL-FLOV is essentially a type of PI controller. The constants
must be carefully chosen so that the proportional controller will not
initiate too large of a control action, and such that the reset func-
tion will not correct too soon or too much. Such constant were de-
veloped from extensive computer simulations of the canal response and
through experience on the Corning canal itself. Deadbands of roughly
+30 mm were used to limit gate cycling.

The EL-FLOV system is primarily suited to the control of main canals
with slow and gradual flow changes and a narrow range of conditions.
Control of more dynamic¢ canals with EL-FLOW is likely to be unsuccess-
ful. VWhile the control algorithms are fairly simple, the proportion-
ality constants require extensive evaluation. Thus EL-FLOW is unlikely
to become a widely adapted procedure for canal control.

BIVAL: BIVAL is a local controlled volume downstream control method.

It utilizes water levels from both ends of the canal reach downstream
from a structure. A wieghting coefficient is used to average the two
depths. The measurement of a depth immediately downstream from the -
control gate helps to offset the problem of response time to the
downstream end of the pool. A wide deadband is required to provide for
stability. The control of the water level in the center of the pool
requires only the lower half of the canal reach to have a level top.
BIVAL has primarily been applied to very large canal/river systems, and
is typically operated manually. Gate adjustments are made at pre~
scribed time intervals and by prescribed amounts, both determined
empirically from detailed hydraulic modeling. Typical deadbands are
+50 mm. BIVAL is primarily applicable to large, slowly responding
canal/river systems. Its application is limited similarly to EL-FLOW.

Gate Stroking: Gate stroking is a method of optimal/feedforward control
of all gate settings in a large canal. It is based on maintaining a
constant volume in each pool. Thus it is a global (centralized) con-
trolled volume upstream control method. Earlier studies on canal
transients indicated that simultaneous control all gates minimizes
transients. It is based on prior orders for water, as is upstream
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control, as opposed to downstream control which is meant to accommodate ‘
changes in downstream demand. Gate stroking attempts to accurately
model the canal hydraulics prior to operations. It uses hydrodynamic
models to simulate canal flows and route flow changes through the canal
reaches. It requires fairly exact modeling of canal and gate discharge
behavior in order to properly determine gate settings. As such, it
takes continual monitoring of canal response and adjustment of para-
meters. In addition, it is not responsive to changes in demand. Any
real-time changes in flow from the feedforward ocutput must be done
manually. In practice, the complete solution of the unsteady flow
equations becomes unwieldy. Gate stroking represents an improvement on
manual upstream control, but does not provide the flexibility of the
various downstream control techniques.

Dynamic Regulation: Dynamic regulation is basically a centralized

feedforward optimal downstream control method, although feedback is

also used. Expected demand for water is evaluated at the downstream

end and accumulated back toward the head of the canal. It does not

attempt to keep water levels exactly constant, nor does it attempt to

maintain constant pool volumes. The system is dynamic in that it

allows the controlled volume of each pool to vary. The large freeboard
requirements of controlled velume control and BIVAL are essentially

eliminated. The system uses information from previous simulation

studies to determine relationships for velocity as a function of head

and discharge. Thus under real time control, simple backwater calcu- _ ‘
lations and routing methods can be used to simulate gradually varied ‘
flov. Like gate stroking, it relies on good estimates of canal and

gate flow conditions. Feedback of actual and predicted water demands

are made ten times per day (water orders are arranged). Feedback of

vater levels and subsequent control actions are made every fifteen

minutes. Operation of such a system requires a considerable engi-

neering effort. It would not be expected on any but large canals.

One feature of Dynamic regulation makes it particularly attractive. In

many canal control situations, downstream control is not feasible since
control over the supply is not allowable. Supply flows are generally
governed by some form of flow rate control, which for control of the
remainder of the canal is essentially upstream control. Dynamic regu-

lation suggests the possibility of starting with upstream control at

the head end and progressing to downstream control at the lower end.
Mismatches between supply and demand can be accommodated with canal -
storage changes.

Zimbelman’s Method: Zimbelman’s method is a statistically based feed-

back control technigue. While the contrel algorithms are locally based

(i.e., each gate adjustment is determined independently), it is

operated as a centralized control system. It uses time series fore-

casting methods to determine if and when the water level at the

downstream end of a pool will move outside the deadband range. The

idea is to make corrections to gate settings prior to the level going

out of control. This technigue is useful for adjusting for random e
variations in conditions or for gradually varying flows (e.g., slight ‘
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mismatches between inflows and outflows), The travel time between
checks is partially accounted for by forecast horizon. For example
will the water level move outside the control band before the effects
of an adjustment in the upstream gate will reach the downstream end of
the pool? The amount of adjustment to be made must be developed from
simulation studies or field trials for a particular canal. The control
algorithm must alsc consider the speed of gate movement (or delays in
control once a control action has taken place). Once the control level
is no longer moving away from the desired level, contrel actions stop.
With properly chosen constants, the system should be very stable. A
typical deadband was 60 mm. In addition, some information on average
wvater surface slope is needed. This method is better applied to larger
canals, but with good selection of empirical constants it should be
applicable to fairly small canals as well.

Two new canal system were constructed in Arizona between 1986 and 1988
which were designed for use with Zimbelman’s control method. Deliver-
ies will be arranged with farmers, but canal levels will be controlled
as if the system were on demand. Excess capacity was built into the
upstream most reach to accommodate mismatches between supply and de-
mand. The supply is at-a controlled rate, but can be changed every 15
minutes.

CARRD: One of the problems with applying canal control methods is
errors in water level measurements. EL-FLOV used electronic filtering
to get better water level reading, Zimbelman‘’s method used smoothing
techniques., Burt (1982) used multiple water level readings along a
canal reach to establish the downstream level, The CARRD system de-
veloped from this approach has some of the advantage of BIVAL in that
measurements close to the controlled gate can be included. CARRD uses
linear regression on a series of water levels to establish an estimate
of the projected downstream level. Both the projected dowvnstream level
and the true downstream level are used in the control logic. CARRD was
able to get by without having an empirical time delay by using slow
gate movements. In some ways, CARRD’s logic is similar to Zimbelman’s -
method. Rate (or amount within specified time) of gate movement is
dependent upon how far the controlled level is from the target level
and in which direction the water level is headed. In initial studies,
three rates of gate movement were used. Rates of gate movement, dead-
bands, etc. are empirically determined. CARRD resembles a fuzzy con-
troller, since controls are based on arbitrary rules based on ranges of
particular variables.

Linear Quadratic Regulator: None of the above methods can be classified
as functional model based feedback control. Both Reddy (1986) and
Bologun (1985) used linear quadratic regulator theory to develop feed-
back control algorithms for inline check gate control based on
maintaining a constant controlled volume. Solution required lineari-
zation of the Saint Venant Equations. This is reasonable so long as
conditions are changing slowly, e.g. in large canals. Reddy found that
when conditions change significantly, as in small canals, the lineari-
zation and subsequent control resulted in significant errors. These
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errors should be progressively reduced as the system approaches an
equilibrium condition. Assumptions regarding canal hydraulic proper-
ties are also required. In this case the requirements are not as
strict as with feedforward methods, although errors in estimates of
variables can cause non-optimal performance. For example, roughness is
generally given as a known parameter. For measured values of gate
opening and flow depth, a discharge can be estimated from the linear-
ized equations. This discharge then enters into the feedback control
equations. The effects of roughness and discharge may be different in
the parameter estimation relations than they are in the control rela-
tions. Thus an error in roughness would cause an error in discharge
prediction. While this error is not serious in itself, to could result
in poor control.

Regulator theory holds the most significant promise for a general
control technique. Several unanswered questions remain. First, under
what conditions is the linearization of the Saint Venant equations
reasonable? What effect will changes in hydraulic properties have on
control performance? How can the control algorithms be altered to
provide for control of downstream level rather than volume? The
methods presented to date can control each pool with local controllers
or can control a series of reaches.

SUMMARY AND DISCUSSION

The various control methods can be classified as shown in Table 1. EL-
FLOW and BIVAL are essentially limited to very large, slowly changing
canals. Gate stroking, being essentially a feedforward method is also
limited to fairly large canals because of the engineering effort to
precisely model conditions. It is also computationally cumbersome, and
may find limited application. Dynamic regulation has similar limita-
tions in that extensive engineering evaluation is required. These
latter two methods do not actually use process control algorithms, but
use actual, predictive process models. Use of such models does repre-
sent a technique used in nonlinear control, and so these are included
under modern control methods.

CARRD and Zimbelman’s method were both developed for use on relatively
small canals. Zimbelman’s method is more statistically based, while
CARRD applies more ad hoc control (fuzzy) rules. As with most control
methods, both require a ftuning’ period to adapt them to a given canal.
LQR theory can significantly reduce this period of tuning without much
engineering evaluation. It’s range of applicability is still to be
determined, (e.g. how reasonable is the local linearization and the
state {discharge) estimation).

The methods in use consist of Classical control, statistical (sto-
chastic) control, modern control {e.g., LQR) and to a certain extent
Fuzzy control. Adaptive control has not at this time been suggested.

Changes in conditions are so gradual in the large canals that have been

modelled to date that this level of sophistication is not warrented at
this time. .
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Both local and centralized control systems have been suggested. While
localized algorithms appear more tractable, some form of centralized
coordination also appears to be in order. Periodic review controllers,
such as Zimbelman’s, allow such coordination to take place, while still
allowing simple local control rules.

Since most of these techniques have been applied to large canals that
operate essentially continuously, very little attention has been paid
to start up procedures. For smaller, intermittantly operated secondary
or lateral canals, start up and shut down operations may become a sig-
nificant consideration {e.g., it may not be desirable to leave the
canals full when no demand is on the system).

To date no control methods have addressed the real world problem of the
possible need for varying the control objective over the length of the
canal, e.g. upstream control at the head changing to downstream control
at the tail end of the system.

New Canal Control Scheme: Very few canal systems actually allow water
on-demand any time a user desires. More typical is to arrange ahead of
time when an irrigation delivery is to start. This allows the system
time to respond to flow changes. With upstream control system, the
lead time required on orders may be as long as it takes to route the
water from the source to the farm turnout. Storage within the system,
both in canals and reservoirs, 1s typically used to shorten these lead
times. Purely downstream control methods preport to minimize these
delay times by transfering a need for water at the downstream end of
the pool immediately to the gate upstream. Travel time for a change in
flow in the system is supposedly minimized to the time reguired for a
flow change to travel through one canal reach. There are situation
where this would not result in acceptible performance.

Consider for example a canal with five reaches operated under down-
stream (feedback) control with manually operated offtake gates. Water
is currently being withdrawn from reaches 2, 3 and 5. Reach 1 is very -
long and reach 2 is very short. A new request for water comes from
reach 4. The turnout gate 1s openned and water is withdrawn. The
level in the pool drops. Flow to reach 5 is decreased. The gate at
reach 3 opens dropping the level in reach 3 and subsequently the flow
to reach 3 offrakes drops. This process 1s cascaded upstream. Even
though storage from reach 3 is being used to fill the demand in reach
4, reach 2, 3 and 5 deliveries suffer not just until flow rate into the
system is restored, by until all the canal storage volume 1s replaced.
If offtake gates are automated for constant discharge, this problem is
minimized. Upstream (feedforward) control systems attempt to minimize
this type of disruption by routing flow through the canal based on
known demands. Such systems are susseptible to errors in flow which
tend to accumulate downstream.

Having to order the start time for a water delivery 1s not as restric-

tive as having a fixed irrigation duration, rate or frequency. It is
not likely that many existing canal systems will convert to total
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demand deliveries. Even closed pipeline systems such as in the ‘
Westland Irrigation District do not allow random start ups. This
logically leads to the possibility of a combination feedforward/feed-
back system, but not in the traditional sense. If a known change in
delivery is scheduled to take place, routing can be used to supply the
known change in flow through the upper reaches of the canal. Once that
flow change has reached its destination, control can revert to down-
stream control. This allows the advantage of getting the flow to the
destination with less disruption to other users, but at the.same time
minimizes the tailender problem. It also allows the users to alter
their deliveries by cutting off early or late or by increasing or de-
creaseing flow by modest amounts without significant impact on other
users., Earlier, a system which changes control algorithms with dis-
tance along the canal was suggested. This scheme suggests a change in
control algorithms over time. This makes it somewhat of an adaptive
control method.

The scheme would work like this. Suppose the system were operating

under downstream control. A delivery is scheduled for reach 4 at 10:00

a.m. Routing shows that in order to get the flow to the turnout in

reach 4 by 10, water would have to be diverted from the source by 5:00.

Thus the headgate would revert from downstream control to upstream

control at 5:00. (Leaving control of the pool level in reach 1 uncon-
trolled). This wave would reach check 1 by 7:30, therefore, check 1

would revert to upstream control, and so on down the canal. By 9:00, ;
the flow would reach check 3, converting it to upstream control. By '
10:00, the wave would reach the desired turnout. At this point, con-

trol would have to be converted back to downstream control. It is not

clear at this time whether that would be done simulataneously for all
reaches, whether it would start at reach 4 and proceed progessively

upstream, or start at the diversion and move progessively downstream

behind the wave.

There are several problems with this scheme that can probably be delt

with satisfactorally. First, there is a period of time during the

transition from one control scheme to the next where no control is

exerted on certaln water surfaces (as in example above). Second, any
unsceduled changes in demand during the time where upstream control is

in effect will not be accounted for until the system reverts back

totally to downstream control. 4nd finally, for large, flexible

systems, there may alvays be a [low changes downstream, meaning that

the system %ill never revert back to downstream control. The first

problem can easily be solved by not converting totally to upstream

control (e.g., gate position is determined by a weighted average of

upstream and downstream level errors), and providing safegaurds to

convert control if a level deviates too much. The second problem 1is

somevhat more difficult. The routing can provide expected conditions

and sipgnificant deviation from these conditions can be adjusted for by
changing inflow rate, for example. The third problem can be easily _
solved by only converting to upstream control when the flow changes are f
significant in terms of canal reach volume changes during the reach ‘
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transmission time. Or if a scheme for partial upstream/downstream
control can be worked out, this can be solved by changing only par-
tially to upstream control.

These types of strategies open up a nevw set of possibilities in canal
control.

PERSONNEL A.J. Clemmens

Table 1. Classification of canal control methods.

Feedback Feedforward
Local Centralized Centralized
Classical EL-FLOW
Statistical Zimbelman Zimbelman
CARRD
BIVAL
Modern LOR LOR Gate Stroking

Dynamic Regulation
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TITLE: CANAL SYSTEMS OPERATIONS PROJECT

SPC: 1.3.03.1.d CRIS WORK UNIT: 5344-13000-001

INTRODUCTION

The phenomena under investigation in the canal systems operations
project are the hydraulics and management of networks of small canals
used to deliver irrigation water to the farm gate. Rapidly changing
demand conditions combine with the complex free-surface hydraulics of
open channels to make steady flow conditions very rare. Yet steady,
known flows delivered on demand are required if farmers are to attain
the full potential of on-farm application systems, or take full
advantage of agronomic and market conditions. Thus while delivery
agencies have an incentive to increase the flexibility of their
scheduling policy to benefit farmers, increased flexibility tends to
cause flows to be less uniform and predictable, Resolution of this
conflict is the principal goal of the project: to provide the
structural and algorithmic tools required to design, operate, and
rehabilitate canal networks to allow flexible, uniform flows of
irrigation water to the farm.

At the conclusion of its third year, the project has yielded an
enormous amount of information on the operations of several canals in
two irrigation districts. In 1987, project accomplishments included
installation of a monitoring system along more than four miles of a
lateral canal, statistical modeling of flow nonuniformities, and
initial quantification of the effect of nonuniform flows on on-farm
operations. Canal networks at the farm interface level have been shown
to be complex systems which resist standard methods of statistical
analysis. Yet the evidence is clear that irrigation deliveries are
frequently not uniform and that such unpredictable flows make esti-
mation of the performance of on-farm application systems difficult.

Wellton-Mohawk Canal Monitoring Study. Data collection continues in
the Wellton-Mohawk Irrigation and Drainage District (WMIDD) in south-
wvestern Arizona. The WM17.0 lateral, instrumented for intensive
monitoring in 1985, continued in 1987 to provide detalled information
on the operation of that three mile-long section of canal. An addi-
tional turnout (WM17.0-2.1L) was brought into the monitoring program in
July. Two identical flumes were placed in the farm ditch on the north
and south side of the turnout, with a single teed bubbler iine for
both. When a delivery is made, the bubbler at the flume in the direc-
tion the delivery is occurring has slightly less head above it than the
bubbler above the ponded flume. The bubbler with less head will
operate and allov measurement by the data logger. There were few
equipment failures along the WM17.0 in 1987 compared to previous years,
as we became adept at trouble-shooting instrument problems. District
maintenance activities occasionally broke bubblers and in one instance
broke a pre-cast concrete flume. Few problems persisted more than the
three weeks between regular site visits to collect data and replace
batteries.
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A second lateral in the WMIDD was instrumented for monitoring in 1987. 4
From March to April, fifteen measuring flumes were designed, con- ‘
structed and installed along the M42.9 lateral both at farm turnouts
and in-line lateral sites. The flumes were constructed of three-
quarter inch plywood with structural support provided by perforated
steel angle. Pieces were bolted together and secured to the canal with
concrete anchors. This type of construction proved to be fairly
simple, and a two-man crev could install all but the largest flume
(capacity 90 cfs). From April to June the rest of the monitoring
equipment was installed: fiffeen instrument sites each with data
logger and bubbler/transducer valve-switching gear to measure up to
seven vater levels or flovw rates. Calibration of the double-bubblers
and zeroing of the flume bubblers continued into early July when data
collection began. Equipment problems were for the most part routine,
although at several sites a second air pump had to be added to supply
deep bubblers. The M42,9 is a much larger, longer lateral than the
WH17.0 and is expected to show considerable contrast in its operation
and performance.

Yellton Delivery Uniformity Study. Data from the WMIDD canal monitor-
ing project were analyzed in 1987 to determine the sources of flow
nonuniformities at the farm turnout and their relative magnitude.
Deliveries made to the nine farm turnouts instrumented along the WHM17.0
from July 1985 through June 1987 comprised the basic data set. It had
originally been intended that in-line flows measured into the WM17.0-
0.6 sublateral, and past the WM17.0-3.0 check structure would also be ;
used to estimate flows at the farm turnouts downstream of these sites. ‘
But analysis indicated that these flows had different uniformity

characteristics than actual turnout flows and wvere thus deleted from
subsequent analyses of deliveries.

The original intent of analysis was to relate some measure of flow

uniformity (dependent variable) to a number of presumed scurces of flow
variability (independent variables), and perform a multiple-regression

or ANOVA type of statistical analysis. Significant sources, once .
identified, could then be examined with the goal to improve delivery

flow conditions. Unfortunately, this approach proved largely in-

tractable due to the complex interactions among system components

(hydraulics and operations) and the observation type of measurements

{(as opposed to traditional experimental design). Standard statistical
analyses also rely heavily on assumptions of independence and normalcy

among variables, and these assumptions were largely unmet by the farm -
delivery data set.

The variable used to represent delivery uniformity was the coefficient
of variation, cv, of ranked flow rate measurements accounting for 98%
of the delivery volume. Values of cv ranged from 0.0l to more than
0.50, but most deliveries had a cv of less than 0.15; the 0.0l to 0.15
range included very good to very poor deliveries, and seemed not to
provide sufficient detall to easily discriminate between good and poor
deliveries. The 98% volume criterium was established by Clemmens and
Dedrick for a previous study and is intended to discount undue in-
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fluence of the few small flow measurements at the start and end of a
delivery. The coefficient of variation did have some predictive power,
as the results discussed below show. Further work is required to show
that cv,, is indeed neglecting only the tails of a delivery, and to
suggest other possible measures of uniformity. One candidate might be
a cumulative volume statistic based on differences between actual and
desired volumes throughout an event.

The independent variables thought to be sources of non-uniformity dealt
with the circumstances of the delivery (lateral busy or rarely used,
day or night, cropping patterns, cultural practice patterns), hydraulic
conditions (flow rate, duration, concurrent deliveries, fluctuation in
the main canal level, distance downstream of lateral heading, location
within a pool), and the operator (regular or relief ditchrider). Some,
such as variables SITE (delivery location) and SEASON (time of year)
vere found to explain significant portions of flow variability, but are
too vague to relate to useful operational parameters. Better de-
scribers might relate to turnout type and condition, area served by
turnout, current frequency of delivery along the lateral, or current
volume per some time period. The number of deliveries concurrent to
one being observed would seem intuitively to impact uniformity, yet use
of this variable produced only ambiguous results. The measure of these
effects might be improved by including as variables the location of the
concurrent events, their relative flows and durations, perhaps others.
Any further statistical work with data of this type will require more
precise estimates of the sources of nonuniformity than used up to now.

Several statistical models were developed using combinations of class-
ification and continuous variables susceptible to analysis by the
general linear model (GLM) procedure. All two-way interactions were
included in the models originally, and individual factors were grad-
ually removed as the models were run and insignificant factors were
identified. These models, which typically had hundreds of degrees of
freedom and hundreds of observations, could not be run on USWCL com-
puters, and machines at the Salt River Project were eventually used.
Model reduction was an interesting exercise, as some models "behaved" -
nicely, reducing to forms with high r? values (up to 87%) and large
numbers of factors, while other models seemed to "disintegrate" leaving
only a handful of significant factors and low r? values.

In the case of SEASON vs. DAY (time of year), SITE vs. HILE (delivery
location), and DAYTIME vs. HOUR (time of day) the more general classi-
fication versions of the variables resulted in "better" models. In
none of the models were explicit solutions for the models’ parameter
estimates (their magnitudes) available due to the combination of class-
ification and continuous variables. And the biased estimates that were
provided for some of the variables were not consistent in trend or mag-
nitude from one model to another. As measured by model significance
probabilities and r? values, though, attempts to analyze the system
with only classification variables (ANOVA) or only continuous variables
(multiple regression) were not as successful. Multiple regression
procedures give explicit parameter estimates, but do not allow variable
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interactions. The best GLM results seemed to indicate that nearly all
of the proposed sources of nonuniformity were important either as main
effects or as components of an interaction.

At this point, in late 1987, statistical analysis of delivery uni-
formity stalled. ARS staff statisticians had been consulted several
times during the year and their advise followed closely, yet the
results to date were minimal. The on-going work involves re-evaluating
the form and content of specific variables, and using more sophisti~
cated techniques such as principal components or factor analysis. The
data is being tested for linearity, interactions, and population
distributions.

Another approach for producing at least preliminary results is to make
vastly simpler models and attempt to look at the contribution to non-
uniformity of individual factors. Such a one-dimensional approach is
probably naive given the known complexity of the GLM models, but may
shed light on importance or trend of certain effects. Some of these
results seem clear, regardless of how the data is subdivided: 1)
larger flow rates result in more uniform deliveries; 2) shorter de-
liveries result in more uniform deliveries; 3) turnouts in the middle
of a pool have less uniform deliveries than turnouts just upstream of a
check structure.

As discussed in the CANAL MODELS report, there is apparently a working
canal network model available commercially from SOGREAH in France.
Acquisition of this or a similar model would allow a nonstatistical
approach to identifying the sources, trends and magnitudes of flow non-
uniformities. The model could presumably be tuned to mimic the
operation of the WMIDD laterals, with structural and operational
factors then manipulated to observe the effects. Such an approach
would lead directly toward the project goal of developing new schemes
for canal operations.

Imperial Canal Monitoring Study. Data was collected on two lateral
canals of the Imperial Irrigation District (IID) between June 1986 and
June 1987. These canals were roughly eight miles long, each containing
about 20 to 25 farm turnouts. A number of broad-crested weirs were
placed just downstream from farm canal offtakes, Measuring structures
could not be placed at all farm turnouts for a variety of reasons,
including: insufficient head available from district canal, lack of
lined farm canals, lack of cooperation by farmers, etc. Broad-crested
weirs were placed in the lateral downstream from check gates at about
every two miles. It was hoped that information about in-line flows
could be used to help determine delivery uniformities. To aid in this
process, vater levels upstream and downstream of farm turnout gates
vere measured in order to get an indication of relative flow changes
over an irrigation. Gate openings were not monitored for either the
farm turnout or the lateral check gate. A flow balance was computed
for the canal reaches between adjacent in-line flow measuring weirs.
The flow balance was then assumed related to the farm deliveries, and a
procedure was developed for adjusting the flow balance by assigning
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flow balance errors to farm deliveries. The procedure is not yet
totally reliable and each estimated delivery is reviewed manually.

The flow measuring structures and the monitoring equipment were
installed by IID personnel. The water levels were sensed with a float
potentiometer system and the data was collected and processed with
EASYLOGGER data loggers, both made by Omnidata International, Inc. The
float potentiometer systems were evaluated by a several month-long test
of cycling water levels. The potentiometers appear to be very stable
over time, but have a slight temperature drift. Several farm flumes
had been installed and monitored with strip chart recorders prior to
the monitoring project start up. These sites were converted to float
potentiometers in Qctober, 1986,

Data was collected on a weekly basis for the two canals (56 monitoring
stations) by ARS employee Carl Arterberry. After his transfer to
Phoenix in June 1987, data collection stopped. Data from the study is
currently being processed. A number of problems have been encountered
in analyzing the data caused by lost data and by errors in flume
zeroing. The later resulted both from errors in the zeroing procedure
and from float cable slippage on the potentiometer pulley. These
problems complicate the procedure for estimating delivery flows from
the flow balance. Further data collection will be considered at a
later time depending on the results from the current data set.

Furcation Responsiveness Study. Responsiveness is a term that de-
scribes how canal structures at furcations distribute transients or
errors in flow. Depending on how a set of structures are designed and
operated, flow errors may be divided proportionately or disproportion-
ately. Responsiveness can in general be reduced to mathematical
functions and better knowledge of those functions could be valuable in
the training of ditchriders and in the automation of canal systems. 1In
1987, little progress was made on a project to study furcation respon-
siveness. Envisioned are computer programs to calculate responsiveness
from structure settings and vice versa, and the modeling of structures
in the WMIDD laterals to analyze their operation in terms of respon-
siveness. Significant progress on this topic of study is expected in
1988,

PERSONNEL J. D. Palmer, A. J. Clemmens, A. R, Dedrick, J. A.
Replogle, J. Padilla, R. Gerard, R. Kapfer (through
November 1987).
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TITLE: FLOW MEASUREMENT AND GONTROL
SPC: 1.3.03.1.4 CRIS WORK UNIT: 5344-13000-001
FILOW METERS

Flow meters can be classified into two functional groups, based either
on the primary measurement of quantity of flow, or primary measurement
of rate of flow. Further, all fluid meters consist of two distinct
parts, a primary element in contact with the fluid that causes some
kind of interaction, and a secondary element that translates the
interaction into volumes, weights, or flow rates, and indicates the
result for observation or recording. The secondary elements can be
varied almost indefinitely, but the primary elements operate on a few
simple physical principles., Thus, fluid meters can be conveniently
classified according to the physical principle or the nature of the
primary element involved (ASME 1572).

Basically, the fluld mass properties (volume, density, inertia), sonic
properties (sound wave transmission, dispersion, reflection),
electromagnetic (warping magnetic lines of force), electrical
conductivity, thermal properties (conductivity, absorption), mixing
properties (regular vortex formation, turbulent mixing), and optical
properties can all be used to detect flow velocity, rate, mass, or
volume. Many meters use mass and density properties of fluid in
motion and deduce flow characteristics from momentum and energy
relations. Density properties relate mass and volume. For
agricultural applications, emphasis will favor meters that primarily
exploit mass and density properties of fluids in motion because of
their usually rugged nature.

Most flow measuring devices do not in themselves control the flow but
are usually used with a slide gate or a valve that regulates the flow
to a desired flow rate as read on the meter. This is of particular
concern for irrigation applications where flows are more likely to be
regulated than simply monitored. These meters may be totalizing
meters or rate meters, depending on the attached instrumentation.

For the usual small field ditches with concrete linings, pre-computed
ratings have been prepared and published by Clemmens and Replogle
(1980), and by Bos et al. (1984). The usual configuration is =
trapezoidal, broad-crested weir, with an approach flow ramp,

Dimensionless ratings for average roughnesses and profile lengths were
presented for partly full circular culverts fitted with similar sills
(Clemmens et al. 1984). These ratings can be converted into
calibrations for portable flumes bullt from short pleces of plastic
irrigation pipe, larger than 100 mm in diameter. However, direct
computation by the computer model (Clemmens et al, 1987) for the
specific construction materials and lengths provides a slightly more
accurate equation for the specific configurations that can zlso be
used for portable flow measuring.
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Discharge equations suitable for portable flumes constructed from
common plastic pipe sizes, as indicated in Fig. 2, are provided., The
dimensions are shown in terms of nominal English-unit inside pipe
diameter, and the strict metric conversion to that nominal size.
Direct equations for 4-, 6-, 8-, 10-, and 12-inch sizes are given in
terms of a modified power function, Fig. 2. which will satisfactorily
reproduce the computer-model generated tables to within about 1%,
This width is the most important measurement in the flume, except for
the head measurement (Bos et al. 1984). For the head measurement, the
use of a translocated stilling well is recommended. This method
transfers the upstream depth reading to an easily measured location
above the sill at the flume outlet. The reason for this translocated
stilling well is to conveniently reference the upstream head to the
sill floor without the necessity of accurately leveling the flume,
thus making it more practically portable (Bos et al. 1984). The
alternate {(upstream) gage reading location should be used only if the
flume can be conveniently, or permanently, leveled.
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Figure 1. General layout and dimensions for circular portable flumes
(method for layout of elliptical ramp section is shown)
constructed from standard plastic pipe sizes (See Table 1).
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Table 1., DIMENSICNS FOR PIPE-SECTION FLUME

101 .6mm 152.4mm 202.2mm  254,.0mm 304, 8mm 381 .0mm
(4-inch) (6-inch) (B-inch) (10-inch) (12-inch) (15-1inch)

D1 101.6mm 152.4mm 203, 2mm 254 . 0mm  304.8mm 381.0mm
DG 101.6mm 152.4mm 203.2mm  254.0mm  304.8mm 381.0mm
PC 25.4mm 38.1mm 50. 8mm 63 .4mm 76, 2mm 95,3mm
BC B8.lmm 132.1mm 179.%mm 220,lmm 264.2mm 330.2mm
AL 76.2mm 114.3mm  152.4mm 190.5mm 228, 6mm 285.8mm
BL 76.2mm 114.3mm  152.4mm  190.5mm  228.6mm 285,Bmm
TL 76.2mm 114.3mm  152.4mm 190.5mm 228.6mm 285.8Bmm

Amm 0.002999 0.004126 0.005068 0.006142 0.00718 0.00860
Bmm 0.14 0.42 0.84 1.05 1.26 1.60
u 1.684 1.687 1.693 1.691 1.689 1.690

EQUATION: Q) /g = Amm(Hmn+Bmm)U
0.05 T] < Hmm < 0.7 Ty

Froude Number Scaling: Froude Number Scaling can be used to "adjust™
a calibration equation to any other size (Bos et al. 1984). For
example, the 304.8 mm (12-in) equation can be used to predict the
152.4 mm (6-in) pipe calibration within reasonable limits. Linearly
scale all head values Iin half (scale ratio, R = 0,5)., Thus, a 130 mm
head reading in the larger flume will correspond to a 50 mm head
reading in the smaller flume. By hydraulic similitude laws, the
discharge at the half scale is reduced by the scale ratio (0.5) to
the power of 2.5, or will be 0,1767 times the 304.8 mm (12-in) values.
The equations furnished shows Q(304.8mm) for h=100 mm to be 17.51 1/s.
Taking 0,1767 times this would indicate a flow for a 152.4 mm (6-in)
flume at 50 mm head to be 3,096 liters/sec. Compare this to the
directly determined value for the smaller flume at an entry of half
the head value, or 50-mm, and obtain 3.075, a difference of about
0.7%. This difference results primarily because the same material
roughness is used for all sizes, that 1s, the pipe roughness is not
expected to scale down,

Similarly, suppose the 304.8 mm (12-in) pipe were really 298 mm (11.75
in) in diameter, then the flow head values need to be reduced by the
small ratio, 298/305, and the discharges reduced at these new head
values by (299/305) taken to the 2.5 power (0.944). This assumes that
the sill width was is scaled from 0.866 D, However, if the user
chooses to force the full unscaled sill width into this slightly
undersized pipe, slightly distorting its circular shape, then the
given rating will be suitable whenever the distortion causes less than
1% change in the width of the throat flow area at any depth.

The more precise adjustment equatlion can be developed from the table
values for the nearest size, and is:

Qa(l/s) = RZ:2 Apm(Hpn/R + Bmm)U (1)
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Where Q; 1s the adjusted discharge for the adjusted diameter, D, and
R is the scaling ratio, Dg;/D,. All lengths of construction should be
scaled by the ratioc R, However, for small changes of less 10% in any
measurement eXcept the throat width, the construction scaling can be
ignored. ‘

Such a flume in circular section was designed and constructed for
cooperators in Pakistan for portable field use. They report satis-
factory construction methods and use.

Ultrasonic Metexr for Irrigation and Drainage Flows

An particular exception to high cost and lack of ruggedness usually
associated with ultrasonic flow meters may be a recently introduced
device designed for measuring both flow rate and total flow in con-
crete pipelines flowing full. The particular units observed were scold
to the New Magma Irrigation District and to the Central Arizona
Irrigation and Drainage District, both in Arizoma, by Badger Meter,
Inc., Industrial Products Division, Tulsa, Oklahoma, and were
developed under U.S, Bureau of Reclamation, Central Arizonma Project,
Contract No, 6-CP-30-04560. (Mention of Brand Names does not consti-
tute endorsement by the author or the US Government.) They were put
into operation during the fall of 1986,

Called the "Model 4420 Compu-sonic” meter, it is a transit-time,
single path, ultrasonic flowmeter. It uses battery power, with seolar
panel recharging, and is microprocessor controlled to allow a sleep/
wake-up mode to conserve power, There are two LCD displays, one
three-digit display for flow rate and another of six digits for
totalized flow volume. This is programable in BASIC to particular
units. A serial communications port allows accumulated flow data to
be dumped to a data logger. The meter has two internal totalizers.
One is non-resettable and is displayed continuously. The other
totalizer can be temporarily displayed in its place and can be reset
to zero.

TOTALIZER/RATE
SOLAR PANEL READOUT

NP AND
RECORDER
/DATA RETRIEVAL
= UNIT

INSERTELD BAND

WITH TRANSMITTER/RECEIVERS FLg W

Figure 2: Single Path Ultrasonic Flowmeter of the Type Used in
Irrigation Applications

P
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The sonic sensors are installed about 30 meters downstream from
circular slide gates in pipes that are about 0.75 meters in diameter.
The pipelines are usually slightly curved. The underwater sonic
sensors are pre-mounted on a stainless steel circular band that was
inserted into the pipe outlet end and expanded with a speclal spreader
bracket to a tight fit. The pipe outlets inte a box below the grade of
the farm canal it supplies so that the plpeline stands full of water
between deliveries. This may inhibit growth of crystals on the sensor
faces. The sensors sample a single horizontal path across the pipe
for 16 seconds every 15 minutes, or when manually activated, at the
rate of 156 sub-samples per second, The sensor wires exit through a
hole into a plastic pipe sealed to the top of the larpger pipe being
measured. Best accuracy is claimed for flow velocities in excess of
0.5 ft per second, but detection of flow is practical at velocities as
small as 0.1 ft per second. The angle of the single path heam is at
22-degrees across the pipe.

Field checks were conducted on a sample of six of the devices in April
and June, 1987, using a portable broad-crested welr in field channels
downstream from the meters., Four ultrasonic meters supplied canals
that could conveniently accommodate portable long-throated flumes.

The two other canals could not be readily measured.

The ohbserved flow rates at the 6 sites ranged from 8l to 297 1/s. The
standard deviations of the sampling groups ranged from +4.5% to
+14.8%. Of the four sonic meters that were flow checked, the average
indicated flow rates (and their Standard Deviations) were 81l+8.7%, 146
+4,5%, 232 +6.6%, and 29948.2% 1/s. These compared to flume
measurements of 80.1, 148,7, 227, and 306 1/s, respectively (+1.11l%, -
1.85%, +2.16%, -2,34%). The variability in the individual readings
indicate that water jets from the partly open gates may be reaching
the meters in a swirling random pattern, probably due to the pipe
curvature. The pipe entrance gates are round and were about 3/8 open.

Manually sampling at one l6-seconds sample per minute and as rapidly
as practical, showed little significant difference as long as 10 or
more samples were obtained. This would indicate that the assumed
swirling jet was sufficiently random so that about a 3-minute sampling
perlod could indicate a good average flow-rate. Thus, the long-term
totalizing functions of the meter are expected to be well within
acceptable standards. However, the meter is inconvenient to use for
setting gates because of the necessity of having to compute averages.
A manually selectable, single-sampling period of up to 3 minutes,
instead of 16 seconds, would appear useful in overcoming the hydraulic
limitations of these particular styles of gated-pipe outlets.
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Table 2. TFleld Test Results Comparing readings for Sonic Meters in ‘
the New Magma Irrigation Distriet, NMID (Arizona) and the
Central Arizonma Irrigation and Drainage District, CAIDD,
with those from a portable Flume (Data is in field units
as-read: 1 cfs =28,32 1/s)

Meter Meter Heter Meter Meter Meter
NMID-15 NMID-4 MMID-13 NMID-13 CAIDD-1 CAIDD-2
Reading Reading Reading Reading Reading Reading

(cfs) (cfs) {cfs) (cfsg (cfs) (cfs)
7.92 11.23 g.03 9.4 2,94 5,43
8.3 10.7 6.5 8.3 2.9 5.2
8.2 10.0 8.0 8.5 3.1 5.1
9.0 11.0 7.9 8.8 2.7 5.5
8.2 11.1 9,7 7.6 2.8 5.3
7.9 11.2 9.5 6.3 2.6 5.3
8.6 10.6 9,1 9,5 3.3 5.0
8.6 10.5 5.8 5.9 2.9 5.0
7.0 10.5 9.7 9.0 2.9 5.0
8.1 9.3 6.6 8.9 3.0 5.0
9,2 9.6 9.5 3.3 5.3

12.5 7.5 8.5 2.7 5.6

9.5 8.6 7.4 2.5D 5,1b 4

10.2 9.3 8.8 1.1 5.3 ‘
9.9 8.5 9.3 2.7 5.2
9.3 7.8 2.5 5.2
8.0 2.9 4.6
7.8 2.9 4.9
6.6 3.3 5.4
8.4 2.9 5.0
8.4 2.5 5.1

9.3 2.5 4.9 -

9.0 3.1 5.2
8.0 2.7 5.2
8.1 4.7
5.4
5.4
AVE.(cfs) 8.18 10.55 B.35 8.28 2.86 5.16
S.D.(cfs) +0.54 +0.86 +1.24 +0.97 40,25 +0.23
cv 0.066 0.082 0.15 0.12 0.088 0.45
Flume(cfs) 8.03 10.8 c c 2.85 5.25

2 Manually started sample every minute (16 seconds out of minute}.
l6-second sampling restarted as rapldly as button could be pressed
after previous l6-second sample.

€ Flume flow measurement not made because of poor canal access,

i
7
\7 ‘

&
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ON THE DESIGN OF WIDE RANGING METERS FOR SMALL DRAINAGE FLOW
EXPERIMENTS

The question was posed to us concerning the need in drainage research
for an accurate reliable meter to measure drainage flows over an
extremely wide range, from drip flows to about several liters per
second. Pump systems were discarded because of possible power
problems. The design should also be constructable from common
components because of the low number to be built that would not
support a complex manufacturing process. A candidate design is a
style of tipping bucket made from plastic pipe sections. It would
differ from the usual tipping-bucket system in that a holding
reservoir also made from a short pipe section, would be mounted above
it with a flush valve activated to close at the start of each tip such
that the storage reservoir would captured the flow to add to the next
tip. This would appear to be a viable method to reduce or eliminate
the sensitivity of these devices to flow rate. It would be expected
to halt the pass-through flow during the tipping process which would
vary with discharge rate. By halting this flow, the major source of
meter error will be controlled. Also, it would consist of only one
tipping section, which is unlike the two-compartment standard
versions. This would appear to allow easy adjustment of the tipping
volume by use of auxiliary sliding weights to adjust the over-balamnce
position,

Storage
Tank

...............

wmm s
a%%ﬁﬁi 1@%%11%1!1--

.....__-,-

L
AR EEE

TIPPING-BUCKET FLOWMETER
SINGLE-BUCKET STYLE

FEATURES:
1. Storage of flow between tips
2. Rapid shut-off valve
3. Bi-stable support for rapid tip

Figure 3. Tipping bucket flow meter comcepts.
THE BAG-TYPE FLOW CONTROLLER
The DACL (dual-acting contrclled-leak) float valve system was simpli-

fied into a vertical mounting and attached to the inside of a 3-ft
section of 15-inch plastic pipe that served as a stilling well. This
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pipe and valve mounting was then attached to a 12-inch wide vertical
slide gate made for canal outlets by Fullerform company. The mech-
anism was chosen because it provided a ready made method for raising
and lowering the float-valve and stilling-well assembly. The entire
slidegate, stilling well, and valve assembly was placed on a skid
mounting so that it could be moved from chamnel to channel.

A bag with hose fitting attached was made from heavy duty reinforced
plastic material by Phoenix tent and Awning company. The bag was made
from a piece of material 4-ft square. The finished bag was about 22
inches by 43 Inches. The edges were sewn and heat sealed, The hose
fitting was glued into place with material called sho-goo that is used
to repalr tennis shoe soles. It eventually hydrated and pulled off.

A mechanical clamp system was then devised to use sections of 12-inch
lay-flat tubing.

Meanwhile, the tests on the bag placed under a sharp edge of an

irrigation jackgate, 46-inches wide, was conducted. The bag was

restrained with ties so that about 25% of its width was under the

gate. The rest was upstream. The bag filled with water at the

pressure of the outlet side of the gate. Thus, whenever a leak on the
fittings exposed to the upstream pressured occurred the bag inflated

and attempted to obstruct the opening. In this setup of controlling

the upstream depth in the channel, the control valves were under e
water. Any leakage there would tend to fill the bag and slightly {
increase the drainage flow-through, This would not affect the basic k
operations of the device. The pressure differences on the two sides
of the outlet had the effect of bulging the one-quarter of the bag
through the gate and forming a cylindrical bead, in this case about 8-
inches in diameter, that shut off the water by pinching back on the
downstream side of the gate. The upstream part was basically deflated
except for the result of tensions in the bag itself.

Because of the sharp edge, small amounts of filling water was able to

cause rather rapid changes in flow on a cycle time varying from about -
3 to 6 minutes. The volume of the level-top channel (60 feet by &

feet) was such that the bag changes were faster than the channel

response so that cyeling occurred. the cyecles had an amplitude, tip-

to-tip, of about one inch in some cases and about one-half inch in

others that was related to the stage of flow and the quantity of by-

passed flow. That 1s, the amount of water required to flow into or

out of the bag to cause a particular change in controlled outflow

regulated this over-shoot cycling. It also changed the frequency of

the cycling. By placing a pipe tee in the line and adding a surge

tank, in the form of a 50-gallon drum, in parallel to the bag flow,

the volume of water needed to actuate the bag was significantly

increased because now the surface area and depth equal to the pressure

change being transmitted to the bag must also be satisfied. This

procedure offered a way to control the amplitude on the cycling, but

also lengthened the basic response frequency from about &-minutes to :
about l2-minutes. Again this appears to be a function of gate L H
discharge that is being bypassed. With the 50-gallon drum volume in ‘
the system, the system would overshoot on one cycle then completely
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damp to the basic control band of the DACL valves, which was on the
order of one-eighth inch, within two cycles. Once stable, the surge
drum could be removed from the system and oscillations would not
restart until an outside disturbance was introduced.

Air in the coiled flexible hoses was a problem., This air in the lines
caused several instances of bad data and emphasized the importance of
proper line bleedinpg which must be dealt with in field installatioms,
This can probably be done by replacing all flexible hoses with hard
pipe plumbing and venting all high spots. The vent pipes would need
to rise above the expected pressure gradient, This would have a
maximum value that could approach the pressure of the water source
used far control purposes. All pipes would need to be sloped upward
to these vent points,

AISING LEVEL

w"s VALVE pnisiNG LEVEL

CLOSES VALVE
N fg:

Wi

CONTHROLLED

T A

Figure 4, General configuration of a bag-DACL controller used under a
vertical slide gate.

The bag was then affixed into a 15-inch plastic pipe section about 6.5
feet long and used to control the level of flow as before. This
combination requires much more fluid to be transported into the bag to
cause control changes and stability was more easily gained.

However, continued testing with this system showed some peculiar
instabilities that were not anticipated. The cause may be a function
of the way the bag was made. Lay-flat tubing is available in 12-inch
size. To fill a 15-inch pipe, a ten foot section was folded to form a -
double bag. The fold was fitted with a piece of wire mesh inside in
an attempt to maintain an open pathway from one chamber to the other,
The fold was looped over a constraint to hold the folded bag upstream
inside the pipe outlet. The orientation of the two lay-flat tubing
layers was horizontal--one on top of the other. The actuating flow
entered the top layer of the two-part bag. This top layer volume had
to be satisfied within the confines of the pipe exterior water
pressure and the tensions in the tubing wall. Only then would flow
tend to migrate around the upstream constraining fold into the bottom
layer. The behavior of the system would suggest in retrospect that
the wire mesh was not extensive enough. While flow could seep around
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the bend, there may have been a pinching-off of flow just beyond the
ends of the folded piece of wire mesh. This may have tended to trap
flow in the bottom bag fold and prevented its free movement to the
inlet/outlet piping. When movement did occur, it may have caused the
observed instability and proncunced overshoot.

ON THE DESIGN OF CONSTANT-HEAD FACILITIES

Most hydraulic laboratories use a constant head tank facility of some
sort. These facilities depend on pumping to an elevated tank whose
surface level is held within narrow bounds by the ability to spill
excess flow over a long weir. The welr is usually a grouping of
boxes, or chimneys, that rise out of a cap fitted over the tank. The
chimneys provide an aggregate weir length based on their perimeter
that may total as much as 100 feet in spill length. Providing such a
tank to control pumping surges is usually costly, especially when
providing by-pass plumbing and other features,

We have designed a "no-spill" version that we feel should be tested.
It is based on the constant discharge devices described above. The
general features are shown in Figure 3.

YEIGH
TANK

PUH;l.
Figure 5. Constant head facility.

SAMPLING DRAINAGE FLOWS

Recent splitter-sampling design concepts were presented at the Winter
Meeting of the American Society of Agricultural Engineers. These

concepts appear to be able to accurately sample total sediment load
and also appear accurate enough to provide flow rate and volume
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information, when sufficient elevation differences are available in
the channel at the sampling site. Full details are published in the
conference proceedings. In brief, the following design theory and
construction recommendations result from the study and report,

Sampling runoff water that is carrying a heavy sediment load has
usually posed at least two major problems: (a) accurate representative
sampling of all sediment sizes, and (b) maintaining a uniform ratio
between the sampling rate and the flow rate for all discharges. Most
systems have used a flume or weir for reasonably accurate total flow
rates and have then attempted separate sediment sampling with
variable, but usually high sampling errors.

Coshocton wheel samplers and H-Flume combinations represent one system
that has been used extensively in studies of soil erosion from small
drainage areas. They have performed reasonably well under field
conditions when properly installed and maintained. These devices have
capacities that have usually limited their use to drainage areas of
less than one acre,

In an effort to remove these size limitations, a hypothetical sediment
sampling system is presented for sampling both bedload and suspended
particles that should be highly accurate, depending only on adequate
construction tolerances, No construction drawings are offered.
Rather, a conceptual sketch to prompt designers toward correct
engineering methods are provided. These describe the "ideal® total-
load sampler and briefly compare how well historical samplers
approximate ideal sampler behavior.

EXPECTED
lF LOW PATTERN l
N
%
WVW =7
SLOTTED P *
CONVEYOR St H .
A s T o EL? g
A T L : \ t
"e-\\‘\\\\\\K\\‘-\\\:‘\\\ e -\‘-‘\‘::\'-.‘\\\ [ "%5 2
RN Th \ £
Gl BN \\"“
) e
\‘-\\ i
e >3 BAMPLE
-"‘ COLLECTION
Oy ey
ol i
) N, ‘\\ et \.' -\ '-\'\ Ty
B A AT T
z Z a

Figure 6. Schematic of a conceptual ideal sampling system for
suspended and bedload sediments, showing sampling slot and
the guard slots that would apply to moving or stationary
sampling racks.

Theoretical Considerations
The concepts for an idealized bedload and suspended load sampler are

simple., Imagine that the entire flow can somehow be dumped onto a
moving conveyor belt as shown schematically in Fig. 1. If the belt is
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an equal share of the flow rate, if the belt moves at constaunt
velocity. The slot width is effectively the distance from the center
of one partition to the center of the next. The partitions between
slots do not even need to be thin because any flow striking their
edges must eventually fall down a slot. The slot edges may be round
or square, or some other configuration, as long as all slots are
alike. The friction of entry into the slot and back pressures from
the non-sharp partitions are all compensated as the flow spreads to
use a wider portion of the conveyor belt. The cross-sectional shape
and the angle of attack of the falling jet of water on the sampling
belt are of no consequence, again because all of the flow must fall
through the slots. Thus the 10-degree tilt in the direction of the
general channel slope, as shown in Fig. 1, is a practical way of
handling tree limbs, oversized stones, and other trash.

divided into slots of equal width, each slot necessarily must collect l

The speed of the belt can have little effect unless it is so fast that
it splashes the water and sediment beyond the boundaries of the belt,
or is so slow that it fails to cycle sufficiently during a flow event.
Water splashed or accelerated from one slot will go down another some
distance away. The faster the belt speed, the greater this distance.
This has practical implications for our final design recommendations.
Slot width affects the maximum particle size in the sample collected.
Larger rocks, sticks, and stalks would exit the down-slope side of the

belt.
Imagine that each slot discharges to a separate tank. We would find R
at the end of the flow event, that the entire runoff was stored in the .

tanks and that each tank contained the same volume accurately repre-
senting a share of the runoff event equal to the share of the belt
circumference that the slot represents. Total runoff water and total
sediment transported could therefore be determined from any one tank
and the remaining tanks could be discarded. Thus, only cne slot needs
to be mounted on a skeleton belt, or alternately on a traversing rail-
mounted device with microprocessor timing and velocity control to
simulate both belt length and travel speed.

As an example, a 10-mm slot on a 1l0-meter belt would collect 0.1% of

the total discharge. For time-discharge-rate determination, a sample

bottle would need to be collected from the slot on each revolution, or

as often as needed to adequately define the curve. The volume caught

would be directly related to flow rate, using knowledge of tlme be- 4 vl
tween samples. The necessary size for each bottle would depend on the

slot width and slot speed.

Usually, the sample size is too large. We can accurately reduce the

sample size in several ways by manipulating our ideal sampler., The

slot width can be decreased, but this will limit the particle size

that can be sampled, The length of the belt can be increased. This

reduces the ratio of slot width to total belt length and proportion-

ately reduces the sample size. The sampling rate could be micro- ;
processor controlled with discharge rate, or other criteria, by simply L
simulating a changed belt length (by changing traversing period and '
velocity).
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Without changing the belt length or the slot width, a mechanical
diverter valve and counter can reduce the sample size by keeping only
one sample out of five or ten belt revolutions. If the individual
sample pulses are too large for the sample bottles then the belt speed
can be increased.

With only one slot on a skeleton belt and no neighboring slots, the
slot wall thickness becomes important since there are no confining
pressures from the other slots. Also, high belt speed can cause
splashing-out of sample with no compensating splashing-in of sample.
High belt speed reduces the effective slot "window" seen by the '
particle and large particles that should have been sampled are bounced
from the moving edge, again with no compensating bounce from neigh-
boring slots. These neighboring, or guard, slots should approximate
the entry shape of the real slot (see Fig, 1). It should be noted
that the top edges of the slots and even the slot wall slope need only
to be alike, as illustrated in Fig. 1. This allows slot construction
from readily available structural shapes. Some shapes, such as the
structural angles, offer good stiffness in the lateral direction,
reducing spacer requirements, In fact, water may tend to runm too far
down slope on wide flat-topped bars, increasing the belt width
requirements,

We can reason that thicker slot walls cause higher back pressures and
would require more guard slots. Likewise high speed traversing would
cause more splashing and would again require more slots. Thus, for
edge thicknesses on the order of 10 to 20% of the slot opening, a
minimum of two guard slots should probably be provided on each side of
the real slot. For knife-edged slots, this might be reduced to one
guard slot on each side. High speed traversing on the order of 25 to
50 cm per second can probably be handled by two guard slots on each
side. These slot recommendations have not been verified by laboratory
testing.

Design Recommendations

Recommendations for the design of a practical total load sediment
sampler are as follows:

1. Select a site that can provide up to one-meter of overfall if
possible. One-half meter overfalls can be made to work but at greater
expense. Lesser heights may require pumping.

2. Fit a traversing mechanism with a slotted sampler with at least
two guard slots on each side constructed and mounted with a 10-degree
downstream slope to help clear debris.

3., Make the slot at least as wide as the maximum sample particle size
to be collected. Wall thickness of the slot should be 1 to 3 mm or
less. Extreme sharpening may actually retard self-cleaning.

4, Provide 60-cycle A.C. electric power and an oversized AC-motor to

assure uniform speed of the traverser and chain-drive mechanism which
should allow continuous cycling of the chain. Exact regulation of the
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motor speed to a fixed value is not required because the sample
percentage is the ratio of slot width to chain length. In the usual
case of back-and-forth traversing the effective chain length is
halved.

5. A cycle counter and diverter valve are is suggested as a practical
way to control sample size., For example, every tenth traverse can be
saved.

6. If timed samples are collected, then each sample pulse can be
changed in volume by the chain drive speed. This will not change the
total sample volume collected -- only the slot width, chain length and
diverter valves can do that.

7. TIf the sampler can be constructed as described and time delivery
of the sample can be recorded, then direct sampling from a channel
overfall without a flume contraction is recommended. Flumes usually
disrupt the movement of sediment by delaying it with respect to the
original stream flow. Outfall shape of the flow is unimportant.

8. Reasonably satisfactory stationary samplers can be constructed teo
work well if a sufficient number of sampling slots, with guard slots,
are provided across the nappe to reproduce the behavier of the true
event to sufficient accuracy, ususlly 3 to 9 samplers in the entire
rack. A single slot, with guard slots, can be expected to work well
only with rectangular overfalls where the sediment distribution is
well distributed across the floor of the rectangular outfall, and the
lateral differences in velocity patterns are small,

PERSONNEL: J.A. Replogle
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®
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TITLE: HATHEMATICAL MODELS OF CANAL SYSTEM HYDRAULICS
SPC: 1.3.03.1.d CRIS WORK UNIT: 5344-13000-001
INTRODUCTION

This report provides a brief overview of the existence, capabilities
and limitations of mathematical models for the determination of flow
and water levels within irrigation canal systems. . These models can
potentially be used to provide assistance in improving the operation of
existing and proposed irrigation canal distribution networks. This
discussion does not include information on methods for the control of
canal networks, but discusses the ability of models to model control
algorithms along with channel hydraulics.

CURRENT MODELS

Recently Developed Models: Because of the scope and complexity of
these models, there are only a few such models available which are of
enough sophistication for general use. Some of these models have been
presented in the literature, but other have not been. The models of
canal networks investigated include the following:

- The USU Main System Hydraulic Model developed by Francis Gichuki
and the USU Canal Hydraulic Model developed by Gary Merkley
(Dissertations, Utah State University, Logan, UT, 1987.) Each
author developed his own software package; however, the funda-
mental algorithms which drive the two models are essentially the
same.

- The Irrigation Conveyance System Simulation Model developed by
David Manz (Dissertation, University of Alberta, Edmonton, AL,
1985.) ‘

- The Microcomputer Simulation of Canal Operation Model developed by
Douglas Hamilton and Jochannes DeVries {(Thesis, University of
California, Davis, C4, 19B5.)

- The Unsteady Model (USM) developed by the U. S. Bureau of
Reclamation (Denver, CO, late 1970's.)

- The HYDRA Network Model developed in France, and marketed in the
U. §. by Flov Science, Inc. (Pasadena, CA.)

- The CARIMA Network Model developed in France by SOGREAH, and
marketed in the U. 8. by Forrest Holly, University of Iowa,
Institute of Hydraulic Research (Iowa City, IA.)

Restrictions: Various restrictions within the above models limit their
usefulness for this project (Wellton and Imperial monitoring projects
and the general study of canal networks). The major restrictions are
discussed below.
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The method of characteristics is the fundamental solution technique .
for the Bureau’s USM program. The method of characteristics can be
computationally inefficient, and it can generate serious problems with

certain boundary conditions. It has been superceded in recent years

with finite difference methods which are considered to be generally

superior for this application.

With the exception of the HYDRA Network Model and the CARIMA Network
Model, the remaining models are restricted to (purely) nonbranching
netvorks, or branching networks wherein the branch nodes include only
one submerged structure. The reason for the above restriction is that
a series of in-line reaches may be handled efficiently and easily from
a computational point of view. For example, recursive (double-sweep)
algorithms trace the serles of reaches (e.g. from source node to distal
node and back) for each time step. Each node is treated as a special
case of the computational grid points created within each reach, hence
the solution algorithm is nearly identical to an algorithm designed for
a single reach. For these reasons, these models also require free flow
at the turn-out structures.

The HYDRA Network Model from Flow Science and the CARIMA Network Model

from SOGREAH come closest to providing the full capability sought for

general canal network modeling. Although it appears that Flow Science B
is in this instance primarily a vendor (the code is supplied by an i

engineering firm in France) much of the code was reportedly written by : g
their senior engineer, Dr. Greg Gartrell, when he was employed by this .
firm several years ago. Flow Science claims in-house capabilities for

any necessary program customization.

Dr. Forrest Holly of the Iowa Institute of Hydraulic Research worked
for SOGREAH and reportedly wrote much of the code which now comprises
the CARIMA package. He currently represents the interests of SOGREAH
in the Unites States. Although the actual sale of the software would
be handled by the parent company, it appears that any training could be
done in Iowa City, under the supervision of Dr. Holly.

Model Considerations: The main considerations in the selection and use
of canal hydraulic models are:

1. The governing equations used to model the hydraulics (e.g. full
hydrodynamic, zero inertia, etc.)

2. Vhether the hydraulic equations are non-dimensionalized, and to
wvhat extent they are linearized.

3. Whether or not certain i1ll~behaved boundary conditions are
identified and properly handled by the model (e.g., hydraulic
jumps).

4, VWhether smoothing techniques can be applied in situations where /
rough profiles are generated from computational side effects. .
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5. Whether the model can handle difficult modeling situations, such
as supercritical flow, or the momentum contribution of outflows
(wvhich can be a significant portion of the flow in small canals.)

6. Specifically, can the model accommodate hydraulic jumps that move
with respect to space and time (of interest, but not crucial).

7. Whether the model can handle the small lined canals and laterals
typical of irrigation distribution systems, as opposed to river
channels.

8. Whether transitions to and from gate submergence are handled with
appropriate sensitivity.

9. VWhether control structure density is limited due to model develop-
ment in a riverain/eustuarain environment.

10. Whether the model can handle rapidly varied flow over short
periods, such as the case when gate openings are suddenly changed
in sequence down a lateral by the ditch rider.

11. Whether the network solution technique allows submergence at any
or all nodes within the network, and whether it allows looping.

12. Vhether different control structures may be suitably modeled, or
added to the model.

13. Vhether common control structures are currently available, such as
culverts, inverted siphons, and others which are typical of small
distribution systems.

14. VWhether a methodical, conceptual approach to control structure
type and function could be implemented.

15. Whether a feedback mechanism can be implemented whereby water -
levels can be used to control gate movements.

16, What operating system, programming language, and compiler
specifics were used.

17. Whether the model will fit on an IBM PC-AT, an AT with an
enhancement card, or a micro-VAX.

18, Finally, the model cost, the site license options, provision for
modifications to the existing code, and privileges regarding the
copying and distribution of certain embedded algorithms (such as
gate control algorithms) for academic purposes.

UNSTEADY FLOW HODELING

The primary issue with respect to unsteady flow modeling was whether or
not implementation of the full hydrodynamic equations would be
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necessary. If not, it would be necessary to know which of the '
"subsets" of these equations should be used. For the sake of brevity,
this report does not include a review of the various approaches
mentioned in the literature. The practical outcome, very simply, was
the full hydrodynamic equations must be used to attain the level of
utility envisioned for this project. Almost all of the models reviewed
ware based on these equations. Furthermore, it would be reasonably
convenient to implement these equations in a new model. The Priessmann
scheme, which is used to solve the finite difference schemes, makes
such an implementation very straightforwvard. (See also the next
section, NETWORK MODELING, for a more comprehensive description of the
Priessmann scheme.)

It would be desirable if non-dimensionalized forms of all hydraulic
modeling equations were used. This would allow development of dif-
ferent or improved applications from the existing code with little
restriction.

Another very general consideration was the proper modeling of boundary
conditions, and consequent instability problems if boundary conditions

were modeled improperly, or if they could not be modeled as precisely

as one might desire. This aspect of the problem of modeling remains to

be investigated, in that the schemes outlined so far give as much math-~

ematical utility as can be attained with a one~dimensional flow model.

Although some boundary condition environments have been thoroughly - .
investigated, it appears that others must be researched as models are .
developed and tested. It must be noted here that some instability

problems are (presumably) unavoidable, and are typically "solved" using

smoothing routines that filter out local disturbances without influenc~-

ing the integrity of the solution.

Finally, not all aspects of unsteady flow modeling have been suffic-
lently researched, or at least incorporated within the currently
available research models. To wit, outflows over side weirs result in
energy losses that heretofore have been ignored, or modeled in less
than satisfactory ways. There are other similar issues that provide
for substantial research interest (and potential modeling uncertain-
ties.)

NETWORK MODELING

Much of the investigation foundational to this report was focused on
the problem of network modeling. Current approaches usually allow for
a restricted form of branched network modeling.

Network Modeling, with Restrictions - The standard procedure used .by
current models has been called the Preissmann double-sweep algorithm.
One can think of this approach as consisting of two elements.

The primary element is the Preissmann scheme for handling the finite i
difference solution to the full hydrodynamic equations, as applied to a T
river or canal reach. This consists of writing the St. Vennant .
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equations so as to define (typically) a flow and a depth value at each
computational grid point along the reach. The grid points are imag-
inary. They have nothing to do with the physical environment, except
to start and end with the starting and ending points of the reach in
question. For any given reach, this results in a sparse matrix with
five bands--two above the main diagonal, and two below. The unknown
vector consists of a.) flow and depth pairs for each interior grid
point, and b.) an additional pair of unknowns for each node point. The
node unknowns consist of the flow, the depth, or some other variable in
lieu of the depth depending on the boundary conditions.

The second element is the recursive algorithm used to solve the result-
ing sparse matrix. It is known as the double-sweep method. Recursive
algorithms are very efficient in terms of memory requirements and exe-
cution time. The number of operations required to generate a solution
using a standard Gaussian elimination routine is proportional to N
cubed (where N is the order of the matrix, and where only multiplica-
tive operations are counted). For a double-sweep routine the number of
operations required is proportional to N. The double-sweep method is
based on separating a matrix into its upper and lower triangular
matrices, and then (with some dexterity) implementing a gaussian solu-
tion. The Thomas algorithm provides a simple comparison--it is used
for matrices with only three diagonals. Deriving the Thomas algorithm
takes less than five minutes, and illustrates in an uncomplicated way
the concepts involved.

Vhen in-line (nonbranching) networks are modeled, the above approach
can be used with virtually no modification of any significance. The
flow conditions at the hydraulic structures {nodes) are handled within
the matrix in a manner similar to the computational grid peints, seo
that the structure of the matrix remains unchanged. In other words,
the Preissmann scheme is modified slightly, but the double-sweep method
applies as before.

When branching networks are modeled, the above approach works if
critical flow is guaranteed at all but one branch within each node.
With this restriction, the network really consists of one or more non-
branching networks which~-though connected in terms of flow--are
hydrodynamically isolated by virtue of critical flow at the connecting
structures.

Unrestricted Branching Networks - Mathematically, the environment
changes significantly when one attempts to model branching networks
wvherein submergence can occur anywhere throughout the network. Also,
the possibility of channel looping remains unaccounted for using the
above double-sweep algorithm.

For branching networks, whether consisting of tributaries, distribu-
taries, or both, a technique exists whereby a solution can be obtained
with little extra computational effort. If the network topography is
analyzed properly, the double-sweep algorithm can be systematically
applied to each reach (in a pre-defined order), with intermediate
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calculations performed at each node, so as to tie the system together. .
The result is that the calculations start at the source node(s), they

proceed in an orderly manner to the distal node(s), and then return

again to the source. This insures that downstream conditions are ac-

counted for in upstream pools, regardless of the type and number of

branches.

Another extension to the double-sweep algorithm is available for looped
networks, whereby a matrix of node coefficients must be solved for in
addition to the ordered sweep through the computational grid points.

In this case, each node is not simply affected by its adjacent pools,
but also by conditions within non-adjacent nodes and pools. MNote that
in this instance, the coding requirements would be more demanding, and
the execution time would be longer. The memory requirements remain
about the same.

The above approaches were outlined in the text, Practical Aspects of
Computational River Hydraulies, by Cunge, Holly, and Verwey, and were

brought to our attention by Dr. Strelkoff. Prior to the discovery of

these methods, the author investigated the use of general purpose

sparse matrix routines. With submergence at branches, and/or with

loops, then the Preissmann scheme yields a matrix only roughly similar

to the five banded matrix described above. The difference is (first)

the addition of node coefficients which are scattered throughout the

upper triangular matrix. Secondly, the grid point coefficients no L .
longer reside within a convenient five band field. A schematic rep- .
resentation of a simplified looping network, and the resulting matrix,

is presented in Figures 1 and 2. With respect to Figure 2, note the

main diagonal (the coefficients of which are underlined) and the

tendency of the grid coefficients to meander slightly away from the

central five bands.

The advantages of using established sparse matrix routines are several.
First, they are off~the-shelf items, and (presumably) bug free.
Secondly, in the case of non-linear systems of equations, convergence
can be pre-determined and mathematically assured. Although there is a
place for engineering ingenuity, in this instance a mathematically
conclusive approach would be in the best interests of the project.
Finally, although the sparse matrix routines are not as efficient as
the double-sweep routines, the number of operations required are still
roughly proportional to N, instead of N cubed.

Several possibilities were looked into. First, Harwell offers the MA28

series sparse matrix routines. These provide ease of use, relatively

minimal storage requirements, and set-up routines which speed multiple

solutions of similarly structured matrices (useful when solving non-

linear sets of equations iteratively.) Secondly, Dr. Jeppson modified

‘an early version of the MAZ8 source code. He streamlined the front-

end, added a few short-cuts to the algorithmic core, and thus signifi-

cantly enhanced the package. Third, the strongly implicit (SIP) method :

may offer an efficient solution in this case. Finally, due to the e
somevhat symmetric structure of the resulting sparse matrix, it may .
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well be possible to develop a sparse matrix routine specifically for
this case, and thus improve on the more general approaches. Of course,
it appears that the enhanced double-sweep algorithms described above
are precisely this approach, and are likely the optimum solution from
an algorithmic point of view.

Several time trials were run, whereby different approaches were checked
in an environment which was thought to be roughly similar to the
proposed model environment. The time trials included an investigation
of different computer languages and compilers. The results are
included in the section on HARDWARE AND SOFTWARE CONSIDERATIONS.

MODELING GATE AND STRUCTURE HYDRAULICS AND CONTROLS

The need for hydraulic structure modeling is limited to two main areas
of interest, in terms of the immediate goals for the proposed model.
First, the model must provide for the existing hydraulic structures.
These include various gate/check structure designs, of which there are
about a half dozen standard implementations; the siphon structures used
to convey water under roadways, stream beds, and the like; and finally,
farm turn-out structures. In connection with this area of interest,
the proposed model must be of modular design such that additional
hydraulic structures may be modeled and easily included.

Secondly, the model must provide sufficient accuracy for the useful
simulation of various canal operation schemes. This is in contrast to
the more stringent requirements of a real-time control system. The
idea that reasonable replications of hydraulic structure flow responses
are adequate--reasonable in the sense that the model allows the explo-
ration of management options--is admittedly a fuzzy specification.

But, there are currently available several hydraulic models of real-
time guality, with well researched model coefficients, which apply to
the hydraulic structures existing within the proposed environment.
These models are of sufficient quality that a close fit could be con-
structed based on research data alone, without resorting to field
calibrations. For the purposes and goals of this project, no addi-
tional investment in hydraulic structure model quality was seen to be
necessary. If future model requirements are such that the structural
models and/or coefficients must be fine-tuned, then changes or upgrades
could be made accordingly.

There are various means by which hydraulic structures may be cate-
gorized. These schemes allow a methodical approach to the development
of hydraulic structure models. They also provide a practical means for
creating model inventories within the code itself. It did not appear
necessary to investigate these schemes in depth at this stage in the
model development. Acknowledging that such approaches would be useful
in the future was thought to be sufficient for the present. The
current model environment is simply not complex enough, either in
levels of branching or in types of structures, to warrant a more
detailed investigation.
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The model must allow for additional, in-house subroutines that imple-
ment one of several existing schemes providing feedback control of gate
movement, based on measured water levels in adjacent pools. This
requirement means there must be access to the source code, rather than
simply an executable version, since there must be complete, real-time
access to flow depths at any point and at any time increment, and
possibly access to intermediate values during sclution convergence.

HARDWARE AND SOFTWARE CONSIDERATIONS

Hardware Options: Review of hardware was necessarily limited to the
existing hardware options of the various entities related to this
research.

If the model is to be developed in-house, the primary workhorse for
both coding and initial testing would be a personal computer of the PC-
AT class. For final model development and implementation, the primary
machine would be the DEC Micro-VAX. Secondary usage is expected on a
PC-AT compatible. It is certain the model will be too large to fit
within the current MS-DOS limit of 640k. Even with the release of an
operating system such as 05/2 that will break the 640k barrier, the
Micro-VAX would provide a more suitable environment in terms of overall
speed and vherewithal. However, the use of personal computers for
modeling network sections would be useful in the field.

Alternatives, for a reasonable additional cost, include sophisticated
enhancement cards for the AT’s, such as the Definicon series, or the
use of 80386 machines. These options need not be considered at
present, Since the PC-AT/Micro-VAX combination provides more than
sufficient utility for the project at hand. In time, options of this
nature will improve significantly, and therefore ought to be considered
vhen a model is available for implementation.

Software options: Various computer languages and compilers are avail-
able for the coding of this model. Existing models are generally
written in FORTRAN, with a few exceptions (one is written in Basie, and
another in Pascal.) The language C is becoming a worthwhile, if not
superior alternative to FORTRAN. For instance, the engineering depart-
ment at Arizona State University no longer teaches FORTRAN to incoming
students—-in their estimate, the language of choice for engineers is
nov C. Other knovwledgeable sources point to MODULA 2, in that theo-
retically both FORTRAN and C are "“low-level" languages, pascal is a
"mid-level” language, and MODULA 2 and ADA, for example, are "high-
level” languages. The subject is controversial.

Briefly, the advantages of FORTRAN are exceptional execution speed for
mathematical algorithms, portability, and an existing base of engineers
who are intimately familiar with the language. The advantages of C in-
clude provision for structured language elements, greater portability,
improved access to machine hardware, execution speeds comparable to
FORTRAN, and less overhead in terms of the size of the executable
version. HODULA 2 may be the language of choice in the future, due to

@?

i*'li
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provisions for the use of multiple processors and other considerations
beyond the scope of this report.

Table 1 below includes results from a number of time trials using
different compilers that were available. The trials were originally
run to determine if the general purpose sparse matrix routines would
provide a reasonable alternative to recursive routines available for
banded matrices. All tests were run on a PC~AT compatible with an 8
MHz CPU and a 6 MHz math coprocessor.

The wealth of experience with FORTRAN makes this language a strong
contender. However, two advantages of the € language ought to be
considered seriously. The foremost advantage, in the author‘s opinion,
is the gtructured language elements available within C. A model of the
proposed scope will require extensive bookkeeping--perhaps 90% of the
code will exist solely to manage non-computational aspects of the
model, with only 10% consisting of intense, computational algorithms
for which FORTRAN is ideally suited. Secondly, Borland's Turbo C
package (or Microsoft’'s Quick C when available) provides an extremely
favorable programming environment which should reduce development time
substantially. The only concession would be the use of reduced data
sets while on the PC, a reasonable approach in any event.

CARIMA AND HYDRA MQDELS

Two models are exemplary in terms of the proposed research environment-
~the HYDRA Network Model from Flow 5cience, and the CARIMA Network
Model from SOGREAH.

HYDRA Network Model: The HYDRA model currently provides for both
tributary and distributary branching, and for loops, where both dis-
tributary branching and looping require a proprietary, iterative scheme
that reportedly converges rapidly. It is not yet clear if their con-
vergence scheme 1s an engineering "this then that" approach that simply
works, or if it is based on mathematically sound convergence criteria.

Regarding the approach to branching and looping detailed in the text,
Practical Aspects of Computational River Hydraulics, Flow Science found
the technigues as described to bhe theoretically plausible, but {(prac-
tically speaking) not really workable. In the instance of downstream
branching, the solution developed by Flov Science requires an iterative
approach--they consider use of the double-sweep algorithm over the
whole network to be inappropriate. In the instance of loops, they
again use an iterative scheme. In their experience, use of the double-
sweep algorithm in conjunction with a matrix of node information
resulted in a matrix with substantially more coefficients than just the
number of junction points; and furthermore, the resultant matrix was
poorly conditioned so that generating reliable solutions was found to
be problematic.

Their transient flow analysis is based on the full hydrodynamic egua-
tions and utilizes the Preissmann scheme; their network analysis is
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based on a double-sweep matrix solution algorithm with modifications as '
outlined above. Hydrodynamically isolated portions of the network are
automatically isolated and solved independently by the network algo-

rithms. Supercritical flows are detected, and are usually handled as

single elements, rather than modeled using the implicit finite differ-

ence scheme. Momentum considerations are currently ignored when

modeling canal outflows.

Flow Science claims (in their literature) the primary purpose for their
model 1s flood wave analysis, and hence allow for the modeling of flood
conditions such as overflow onto flood planes and into side channels.
Secondarily, it is claimed the program can be used for modeling simple
backwater curves, as an aid to channel design. In other words, it
appears their model handles conditions inherent to river hydraulics,
but it is not clear their model will properly handle (by virtue of
experience as well as design) conditions unique to canal hydraulics and
related hydraulic control structures. Because the model has not been
developed to handle all elements of the proposed environment, various
potential problems remain. Most notably, boundary condition and insta-
bility problems must be considered unresolved, unless the model has
been designed and tested for the hydraulic conditions which are known
to exist in the given environment.

A price of roughly twenty thousand dollars includes source code, full
documentation, and customization of software to client specifications. ‘ .
The price could be more, depending on the number of program modules .
required and the degree of customization necessary to insure the code

is usable within the clients (foreseeable) environment, The cost can

be reduced by two thirds if only an executable version is desired. As

a final note, the source code is written in FORTRAN 77, screen graphics

are available, and the minimum hardware requirements would be an IBM

PC-AT with a sophisticated enhancement card to speed numerical

computations.

The CARIMA Network Model: Considerably more information is currently
available to the author about the CARIMA model than any of the other
models. An extensive list of pertinent issues was discussed with Dr.
Holly. His answers were thought to be very thorough. These issues and
Dr. Holly’s responses are outlined following a general discussion of
the model capabilities.

The CARIMA model employs the Preissmann scheme and the double-sweep

banded matrix algorithm for both tributary/distributary branched

systems and looped systems. The scheme for adapting the double-sweep

algorithm to branched and looped systems is described {as noted

earlier) in the book, Practical Aspects of Computational River

Hydraulics, of which Dr. Holly is joint author. When questioned about

the soundness of the computational techniques and the difficulties en-

countered by Flow Science (and, incidentally, the author) when applying

the algorithms as described, Dr. Holly noted that the book was written :

at a time when SOGREAH was very protective of their proprietary rights R4
to the technology. .Hence, the descriptions are lean and simplistic .
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vhen it comes to the practical understandings required to implement the
concepts within a working model. He assured the author that the con-
cepts were indeed valid, and that they were utilized within the CARIMA
code. Additionally, the code is yritten so that network input is *user
friendly.® The algorithm is designed to digest random input of node
information. For example, if after the initial input, the user were to
input a reach creating a loop, this would present no problem.

The model can successfully handle (within about a centimeter of flow
surface elevation) transitions from submerged flow to unsubmerged flow
(and visa versa) at gates and weirs. This was indeed a problem during
model development, but Dr. Holly notes they have successfully resolved
this.

Numerically induced oscillations in flow can be handled by making the
theta coefficient in the Preissmann scheme large (i.e. close to 1).
This results in less second order accuracy and hence more smoothing.

In their experience, a theta value near 0.5 (the optimum value in terms
of accuracy) has never been needed. Finally, program filtering is
fairly easy.

Filling of dry or ponded reaches presents no problem. 1In situations
where this would result in a less accurate solution, one has the option
to use additional iterations after the Preissmann scheme initial
iteration.

Moving hydraulic jumps present difficulties. Dr. Holly reports that
there is no known algorithm that can automatically solve this problem.
However, he feels he can handle this situation, and in fact is cur-
rently seeking funding to support research in this area. Isolated
portions of a reach with a hydraulic jump can be handled by the CARIMA
model, if the reach portion is small enough to limit storage.

In response to a question concerning the high density of control strue-
tures typically found in irrigation distribution systems, Dr. Holly
noted that a similar model, called CARIDOS, was developed for the City
of Paris sewage system. The system consists of multiply connected
sevage reaches with both free surface and pressurized flow. The
CARIDOS model has been in continuous use over a number of years, and
must handle a control structure density at least as great as anything
expected within this project. In any case, one can implement a smaller
computational grid spacing if needed. Also, with use of the Preissmann
scheme, there is an inherent flexibility in that control structures can
occur anywhere.

Regarding modeling of control structures and automatic canal control
schemes, the CARIMA model currently provides several options. Perfect
regulation of either flow or head can be accomplished through forcing
the computational algorithms, and is available as an option to the
user. PID controllers can be modeled. "Mixed hydraulic® gates, Nerpic
gates, and constant (head) difference gates can be modeled. It was the
author’s understanding that user-defined control gates can be
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implemented with access to water levels, velocitles, etc. Dr. Holly
felt that, in his experience, some of the gate implementations might be
too speclfic for our environment, but that any gate is considered a
computational reach, and thus can be programmed as needed.

The program can only be used in batch mode--an interactive mode (the
approach typical of modern applications) is not currently available.
The program is designed in three parts. The first section handles pre-
calculations. The second section handles time dependent calculations
and generates the output files. The third section handles graphics.
Dr. Holly suggests that the batch mode implementation of the program
could be changed.

The current CARIMA code is about six years old--in other words, there
have been no substantial changes in that time. The code is written in
the FORTRAN language and was originally implemented on the IBM 360.
There is some IBM assembly language--principally for a matrix inversion
routine, but also for other minor routines. All these assembly rou-
tines have FORTRAN backups. It has been ported to the VAX by SOGREAH,
but it has not been adapted for use on personal computers. The code
uses the concept of "dynamic memory" such that there is no maximum
limit on the size of any vector variable (or any other limitation of
this type typical to FORTRAN). There must be, of course, a predefined
limit on the total amount of memory allocated to the model. Finally,
there is a batch graphics capability, which utilizes (through modi-
fications developed by Dr. Holly) the DISSPLA graphics package.

The model cost is determined by intended use. Specifically, if it
would be used to compete with the parent company, the cost understand-~
ably would go up. Dr. Holly suggests that CARIMA has long since paid
for itself, and that the parent company would be interested in indirect
benefits such as might be accrued through exposure of CARIMA to the
professional community. An estimate of ten thousand dollars was
suggested as a ball park figure (he was assuming that the AR5 would be
purchasing the program.) This includes the source code. (Apparently,
executable versions of the model are not sold.) Formal training in use
of the model would be insisted upon by the parent company. Typically
such training is given in France, but Dr. Holly feels that all training
could be provided at Iowa City. It should be noted here that he has
about two thirds of the operator’s manual translated into English. The
complete manual 1s available only in French.

Dr. Holly discussed the difficulty to expect when writing such a pro-
gram from scratch. He reports that, fundamentally, the technology
involved is not new. (In the author’s experience, the technology--
practically speaking--is either new or untested within the U.S.
technical community, with the exception of a handful of people.) .
However, writing a flexible, fully adaptable model, such as CARIMA,
would involve a substantial undertaking. With experience, a model
specific to a given site could be written in less than two months.
From scratch (i.e. without experience), he claims such a site-specific
model could be written in six months. He teaches a computational
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hydraulics course at the University of Iowa, in which the fundamentals
of this technology are taught.

If interest in the CARIMA model is sufficient to warrant further inves-
tigation, one could either visit Dr. Holly at Iowa City and test the
model there, or conceivably one could test the model via a modem. Any
such model testing would be free of charge, and Dr. Holly would offer
assistance to the extent he is able. He feels such testing is crucial
for any realistic evaluation of the model.

CONCLUSIONS

Aside from finanecilal considerations, it appears that the CARIMA Network
Model from SOGREAH will provide the optimum performance in terms of the
research needs of the ARS. Additionally, it appears to be the best
starting point for a more user oriented model suitable for use by a
typical irrigation district. Note, however, that further investigation
of the CARIMA model is in order, since the ultimate investment in time
and resources will be substantial before this (or any other model) is
fully functional for a given research station. There is no substitute
for hands-on experience.

The primary reason for selecting the CARIMA model over the others, or
in lieu of in-house model development, was the thoroughness of the
responses given by Dr. Holly to the many questions pesed by the author.
QObviously, this is a subjective criteria, but it is felt to be sign-
nificant. No other model developer had nearly the command of the
subject at hand as did Dr. Holly-~noting this, other reasons follow.

The primary thrust of ARS research is not hydraulic model development,
but utilization of such a model to investigate conditions peculiar to
agricultural usage of water resources. In light of this, model
development would be a costly and demanding item in the category of
Yoverhead," unless it was obvious and could be shown that no such model
exists. It appears that the CARIMA model has the technical wherewithal
to handle the proposed research environment. If a model test indicates
no further problems, then justification of in-house development would
be just about impossible, in the author’s opinion--the primary moti-
vation for this conclusion being the spector of "hidden costs.™ The
author has found that within the U. S. techniecal community, both
experience and practical understandings are lacking in this particular
area of hydraulics. Making up the difference in these dimensions
usually proves to be costly. There are a number of people capable of
wvorking their way from sound theoretical understandings to a working
model, but there is little to justify their doing so from the point of
view of ARS research needs. It would just simply be prudent to take
advantage of this existing model.

Modifications to the existing code might be time consuming, but not
difficult in that the code is in FORTRAN, and presumably no modifi-
cations would need to be made to the essential hydraulic or network
algorithms, or to the essential data structures. The modifications
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envisioned by the author would be fairly straight forward: items such .
as modifying hydraulic structure algorithms, porting the program to

other hardware, or {at some future time) adding a "front end" to make

the package interactive. Modifications beyond this would likely

require the expertise of the program author. 1In this regard, it is

likely that the expertise of Dr. Holly would suffice, in that he is

intimately familiar with the model, this particular dimension of

hydraulies appears to be within the core of his professional career,

and he resides within the U. §. and is available.

The CARIMA model uses state-of-the-art technology when it comes to
modeling both unsteady flow and networks. This seems odd in that the
model is nearly a decade old, but more recent efforts have not resulted
in a superior model, in the author’s opinion. Hydraulic structure
modeling and automatic gate contrel seem reasonably within the scope of
the model, as it exists now. It may be that initial modifications
wvould be primarily in this area, but it is felt that such modifications
would be minor.

Since the package has already been ported to the VAX by S0GREAH, it
would seem likely that the model could be used immediately by the Water
Conservation Lab in Phoenix on their micro VAX. The use of graphics
would require the DISSPLA graphics package. For research, the model
would suffice nearly as is. For use on a personal computer, additional
vork would obviously be necessary.

In conclusion, the CARIMA package is the optimum choice based on the .
author’s investigations. It is recommended that further consideration

be given to the HYDRA model--a demo disk was promised to the ARS by

Flow Science, but did not arrive in time for this report. It is

further recommended that prior to serious consideration of either the

CARIMA or HYDRA model, a series of tests be implemented to determine if

claims made by the model developers are justified, and to insure that

the research needs would be met,

PERSONNEL: John Parrish, Albert J. Clemmens

. £
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~, Table 1. Results of time trials conducted using a simple finite difference problem which
required the solution of a tridagonal matrix of order 2000.

Compiler Solution source execution executable Hemory
algorithm size time size required

|HS FORTRAN Harwell 76,335 4:41.60 107,341 441,242
sparse

HS FORTRAN Tri-diagonal 4,939 0:41.85 42,447 91,390
recursive

JTurbo Pascal Tri-diagonal 5,885 1:53.59 13,322 ?
recursive :

Turbo C Tri-diagonal 4,446 0:47.00 11,789 ?
recursive

~ reach 2 reach 4
N. N

reach 3 reach 5

N - Grid points at network nodes.
X ~ Grid points along reach interior.
1,2,3,etec. - Grid point numbers (subscripts).

Figure 1. This is a schematic of a simplified network with one distributary
. branch, one tributary branch, and one loop. There is only ona
interior grid point within each reach.
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TITLE: SURFACE-DRAINING LEVEL FURROWS
SPC: 1.3.03.1.F CRIS WORK UNIT: 5344-13000-001

INTRODUCTION

Traditionally level basins, either flat planted or with furrows, are
irrigated by turning a desired volume of water inte the basin where it
is confined until infiltrated. By configuring the water supply channel
properly in relationship to the basin surface, some of the applied
water can be drained from the inlet end of the basin after the irriga-
tion advance is complete. A series of field studies were conducted to
quantify this surface drainage phenomenon. The studies will provide a
data base for hydraulic model verification and guidelines for designing
and managing such systems. The specific procedures used in the field
studies were outlined in the 1986 Annual Research Report. Herein will
be presented some of the important data analyses results from the
studies.

TESTS CONDUCTED IN 1986 AND 1987

A test site was established at the University of Arizona’s Maricopa
Agricultural Center on their field plot number 11. The field was pre-
cisely leveled by the University using their laser-controlled scraper.
The standard deviation of the field elevations taken over the finished
area (60 m x 360 m) used for the level furrow study was 6.0 mm, which
is considerably better than most “precisely" leveled basins. The area
was furrowed out immediately after leveling, establishing relatively
deep furrows on 1.02 m (40 inch) centers. Once the test furrows were
established, a drainage channel to be used to hold the drainback from
the level furrows, was constructed across the end of the furrows. The
maximum working length of the test furrows was 354 m after the drain
channel was established and space was allowed for the test trailer,

A series of 1B furrows were selacted for test purposes; 6 each at 120
m, 240 m, and 354 m long. Each furrow was "irrigated" three times--Dry
(scil moisture conditions as they were found at the time of the test),
Wet 1 (2 days after the first test), and Wet 2 (about one weelk after
the Wet 1 test). No crop was being grown on the plots. Three iden-
tical sets of monitoring equipment had been developed so three furrows
vere evaluated at the same time (any one day). Any daily test would
include one furrow from each of the three lengths. The tests conducted
differed only in inflow rate, criteria for inflow cutoff, and whether
or not surface drainage was allowed. The specific setup conditions are
shown in Table 1.

DATA ANALYSIS

Computer programs were developed to analyze the field data. The first
program (KRUSH), with an original version (KRUNCH) finished in 1985,
provided the initial data reduction. KRUSH used six input files in-
cluding input from the Easy Logger.
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¥DIS: Distances to monitoring stations along furrow.

VLT***1: Transducer output voltages from the EasyLogger for
atmosphere, the reference double-bubblers, outlet flume, and the
bubblers from each furrow station.

HPF***: Elevation readings for each furrow--5 rod readings at
each station, 4 of the hottom of the furrow near each station and
1 on the top of the bubbler cup.

FLM***; General description of test, clock synchronization
(wvatches and Easy Logger), outflow flume calibration check, and
point gauge readings on both the inflow and cutflow flumes.

XSA%x**: Purrov cross-section measurements at each station for
each furrow.

TARE: Distance of bubbler below top of cup for all cups used in
the study.

Output files from this program included:
Fik*x*++2: Water depth and time (hydrograph) for each stationm.
QRO***; Flow rate data (inflow vs. time and outflow vs. time).

STA***: Furrow cross-sectional characteristics for each station
along with station elevations., This includes best-fit power
function terms for both furrow width vs. depth and wetted
perimeter vs. depth,

In most cases the logging system provided high quality station hydro-
graphs, Fig. 1, but occasionally the hydrographs were not smooth, Fig.
2. The spurious data were likely caused by some irregularities in the
logging system. Hence a portion of the hydrographs required smoothing
for use in later analyses. The solid plotting points of Figs. 1 and 2
resulted from smoothing the Fx**4+ files (open points of Figs. 1 and
2). The curve smoothing was done using the Y“curve approximation"
method provided as part of the GRAFIT program on the HP-100Q. Para-
meters of the Curve Smooth routine were modified until the generated
curve "looked right." New hydrograph files (S***++) were then
generated and were used in later analyses. All Fx**44 files were '
smoothed, for data processing simplicity, even though the original
quality might have been high, Fig. 1.

Station elevations were corrected for surveying equipment error. The
correction applied (-5.25 mm per 30.48 m) was determined from peg
tests., The STA*** file was regenerated with the uncorrected and
corrected elevations included.

Lxx*Refers to Test Number

? ++ Refers to Station Number
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A second program (PROFL) used the nev S, corrected STA, and QRO data
files to develop water surface profiles for the furrow at each time the
advancing water reached a test station . Additional information de-
veloped included irrigation advance time, furrow cross sectional
statistics (depth related to top width and wetted perimeter), shape
factor statistics, and various statistics describing the inflow and
outflow (surface drainage). These data, outputted from the PROFL
program, were stored in files named FPR***, The FPR*** files, for the
54 furrow studies, are shown as Tables 2 through 55 and are recorded in
the Annual Research Report as a data base for later use.

A third program used the FPR*** files to estimate empirical infiltra-
tion parameters from volume balance calculations during advance. It
was assumed that infiltratiom at any location along the furrow was
characterized by a Kostiakov power function. A number of options were
available for relating infiltration to furrow geometry and were pre-
sented by Clemmens in the 1984 Annual Research Report (pp. 68 - 79).
Infiltrated depth along the furrow (expressed in terms of furrow
spacing) and statistics associated with the infiltrated water distri-
bution were calculated once the infiltration parameters had been
estimated. Additional information dealing with water volume in the
furrow throughout the irrigation were useful in looking at volume
drained from a furrow relative to volume present at the time drainage
started.

SUMMARY

Draining a portion of the applied water from the inlet end of a level
furrow can potentially lead to smaller applications per irrigation and
the applied water can possibly be more uniformly applied than with non-
draining basins. In many instances small applications are desirable to
maintain hiph efficiencies (limited water holding capacity of sandy
soils) and optimum soil, water, and air conditions for plant growth
(low final intake rates on heavy clay soils can cause serious aeration
problems). A field study was completed to quantify this surface
drainage phenomenon for level furrows. Eighteen furrows were irrigated -
three different times to determine water advance, recession, and water
depth at selected sites along a furrow. The characteristics of each
furrow and each irrigation (advance, recession, water depth at selected
sites along a furrow, furrow cross-section, etc.) were precisely
measured. Factors that were varied from test to test included furrow
length, inflow rate, gross water applied, antecedent soil water, and
drained and nondrained conditions. The water surface profile data for
each of 54 individual furrow tests were summarized.

PERSONNEL A.R. Dedrick, A.J. Clemmens
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Table 1. Irrigation conditiens for surface-drained level furrew study.
total of nine tasts {three furrow lengths each irrigated three times}.

completed without gurface drainaga,

Each satup represents =

Setup 6 was

Hominal Furrow Test Number

Field Tast Inflow Rate Length Idantification
Satup {1/8) Inflow Cutoff {m) DRY WET1 WET2
1 4 When advance reachad end of furrow, 120 101 104 107
240 102 105 108
354 103 106 109
2 4 When advance reached end of furrow, 120 110 113 116
240 111 114 117
54 112 115 1118
31 3 When advance reached end of furrow, 120 119 122 125
240 120 123 126
aoo 121 124 127
4 4 10 min. after advance reached end of furrow. 120 128 131 134
20 min, after advapce reached end of furrow. 240 129 132 135
30 min. after advance reached end of furrow, 354 130 133 136
5 4 10 min. after advance reached end of furrow. 120 137 140 143
20 min, after advance reached end of furrow. 240 138 141 144
30 min, after advance reached end of furrow, 354 138 142 145
1 4 Whan sdvance reachad end of furrow, 120 14% 149 152
2440 147 150 153
354 148 151 154

1 Long furrow shortened to 300 m due to slow advance time,

A
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Table 2, Water surface profile data for Test Number 101, Table 1.

MAC FURRGW DRAINBACK STUDY MUMBER 104
ND. STA N, TIME PERIDDS  FURRDM SPRCING
8 13 1, 0iB
STR'Y STAR2 STA3 STA4 S5TAS STAGE STA7 STAB
DISTANCE, M 0.0 5.0 10,0 20,0 30,0 £0.0 90.0 120.0
ELEVATIONS, MM 17,02 23.43 14,35 14,69 9.80 0.00 6.73 B.82
#REe2T0P HWIDTHRREREEE
A2 ,980 .95 .380 ,959 .974 948 ,933 .93
¥TH=R{D)~B ¢ A 25,782 52,246 38,970 23.276 34,982 24.692 11.508 21,570
eTH 4 D, #¢ B BB ,465 .S535 .623 ,S44 LBI0 L7718 .65k
HERETTED PEREREEER .
R LO00 LOO0 1000 5000 LOO 1.000 1,000 [,000
s#P=R{Di*D @ R 23,736 52.042 38,754 23,198 34,786 24,572 11,604 21,496
WP s D, Me B 628,473 535 L6365 L3594 .62% .794 .6A9
EESURF, GHAPE FACT, %=
sPROFILE o A79 .243 .257 .36 .B39 ,270 385 0,000

#DEPTH e 14 155 Li64  .231 .53 .195 .20 070
HOVANCE o .39 .63 B39 ,839 .633 .724 .54 O0.000
TIME Q IN G OUT HEAD
MIN L/8 L/S W

0.00 ¢.000 0.000 0.0

L07 3500 0,000 2.2 0.0

.22 3.941 0.000 6.4 5.4 0.0

.69 3.941 0,000 19,0 6.0 i5.8 0.0

f.23 3.939 0,000 359 30.! 29.8 @264 0.0

8,92 3.868 0,000 99,8 90,0 92,5 9.4 852 0.0
15,62 3,831 0,000 (06,5 97.3 100.7 101.2 9.4 866 0.0
£6.52 3.778 0.000 83,2 80,6 BA.5 962 97,6 106.2 922 0,0
30,002,512 0.000 55,5 53,5 60.8 69.2 72.2 87.3 864 BLE
40.00 -, 547 0,000 36,8 30,5 366 42,4 432 6.7 .7 92,9
50,00 -.077 0,000 19,8 13,9 9.5 245 265 I7.2 36,4 30,8
60,00 -.014 0,000 0,0 0.0 .l .5 54 17.3 163 8.3
59:50 -, 007 Oam .0 g0 0¢0 0&0 0'0 0:0 ¢.0 0.0

INFLOW VOLLME = 43,90 M4 M2/H/M
DRAINEACK VDLUME = 7,51 MX M2/M/M
RUNOFF VOLLME = Q.00 MM M2/H/H
AVE. INFLOW RATE =  3.846 L/
INFLOH TIME = 26,37 HIN E
RVE, SLOPE = - 0001F M/N

RVE, TOP WIDTH R = 27277 .

AVE, TOP YIDH B = 538

AVE. HET PERIM A = 27,074

AVE, HET PERIN B =  .Bl

RVE, GHAPE PROF =  ,362

AVE, SHAPE DEPTH = ,203

AVE, SHAPE ADVAN = 518
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Table 3. Water surface profile data for Test Number 102, Table 1. ‘

MAC FURROW DRAINBACK STLDY MUMBER 102
NO. S57p NJ. TIHE PERIGDS  FURROW SPACING
12 19 1.0i6
STA Y STR2 STR3 5TR 4 STAS STRE STR T STA B STRH S STAI0 STRIY GTRIR
DISTANCE, H 0.0 50 10,0 20,0 300 60,0 90,0 120,0 150.0 180.¢ 210,0 230,0
ELEVATIONS, MM 44,42 33,81 23.21 3251 36.32 67.29 76,35 20,27 2L00 10,29 30.04 Q.00
HEERRTOP WIDTHRRERERE
2 .97 .988 .983 .,989 .98 ,94f .978 .98 .98 ,995 ,991 .99%
#TH=RID}~B + A 2B.1L0 11,706 15,466 9.062 17.716 25.53B 19.772 6.270 17.586 9,432 14,876 6,530
#FTWED M B L6004 763 712 .B37 .670 .597 .GAG ,BS6 .BT4  LA0A 727 .8B0
£EREMHETTED PEREREREE
R*2 1000 1,000 1,000 f.000 L.000 1,000 1,000 L.000 {000 1,000 1,000 f.000
#WP=A{D}*B &« A 28.022 11,804 15,484 9,240 17.650 25.414 19.720 6,564 17.436 9. 14,892 £,806
#P 4D ¥Me B ,R1L 780 .727 .B42 .GB7 .60 .GBO .909 .69 . 742 .83
£¥5URF, SHAPE FRCT, %*
«PROFILE  ° L743  .924 .839 A5 L3538 L3730 .e51 233 .558 ,595 .33 0.000
#DEPTH * L322 L2287 L3683 193 L1564 .224 L2377 L1993 L4234 453 PR3 .245
#DVANCE = L8433 .A433  .533  .433  .433 .60f  .942 ,@S3 ,759 .76t LE7S 0,000

TIME Q@ INQOUT HERD
MF L/5 L/5 MM

0.00 0.000 0.000 0,0
.09 3,576 0,000 5.8 0,0
JA4 3,941 0,000 28,6 39.4 0.0
2.20 3.941 0,000 57.6 8G9 669 0O
S.b] 3.935 0,000 840 1067 107.8 94,4 0.0
12,53 3,917 0,000 108.6 13l.4 129,7 (20,5 (10,2 0.0
24,65 3.891 0.000 120,5 43,9 146,2 135.9 1322 9B.14 0.0 B ;
33.45 3,886 0.000 124,7 1477 150,2 139.9 1361 100.3 S8 0.0
43,45 3.894 0.000 126.6 149.9 152,2 142.1 138.3 102,54 66,8 1143 0.0
.25 3,950 0,000 128,6 151.B 153,9 143.7 140.3 104,2 7h.2 120.9 BL.6 0.0
67,65 3.989 0.00¢ 130.1 53,3 1555 145.3 41,9 106.,6 7B.3 123.7 9.4 857 0.0
82.45 3,397 0,000 132,1 154,0 10B,1 {147.8 143.3 107.4 Bl.2 124,2 1020 96.9 S8.6 Q.0
30.00-1.322 0.000 30,5 73.4 7%.6 78,8 85,6 67.2 6.8 1156 1069 1030 7.1 4.0
100.00 -, 788 0,000 30,9 ©4.2 56,7 49.1 82,1 3.3 255 BA5 82,2 89,7 6l.2 B4T
110,00 -.073 0.000 19,0 42.4 43,9 39 358 11,9 1.9 67.0 62.0 68,7 3.8 &l.l
120,00 - 027 0,000 6,1 235 33 2.2 23 0.0 0.0 50,6 44,3 51,3 19.6 456
130.0¢4 ~.026 Q.000 0,0 143 17.6 13,0 20 0.0 0,0 28,7 23.3 2.3 3.8 211
140, 00 - 029 0,000 0.0 .0 fhs D [y 0.0 0.0 9.9 3:0 2.3 0.0 0
145,20 - 024 0,000 ¢0,0 0.0 0,0 00 0.0 00 00 00 Q0.0 0.0 0.0 -

IKFLOW VOLUME = 82,78 MW Ma/m
DRRINBACK VILIME = 7,89 MM M/W/H
RUMDFF VOLUME = 0.00 ¥M M2/H/H
AVE. INFLOW RATE = 3,333 L/S
INFLOW TIHE = B5.42 HIN

AVE, SLOFE = =, 00013 H/MH

AYE. TOP WIDTH B = 13,988

AVE, TOP WIDTHB = .79 -
AVE, WET PERIM A= 14,007

AVE, WET PERIM B = 745

AVE. SHAPE PROF =  ,4B2

AVE, SHAPE DEPTH = .275
AVE. SHAPE ADVAM =  ,SBI
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‘ Table 4. Water surface profile data for Test Number 103, Table 1.

WL FURRDN DRATMINCH STUDY MERMEER 103
WD. STAR M. TlI‘EJ’FERIBDS metsz‘?éils
16 2 . X
STAf STA2 5TA3 SIA S STAS STAG STA7 STAB STA 9 STAI0 STAH 5TAI2 STAIY STAIA STRIS STAIG
DISTANCE, M %0 50 0.0 20,0 30,0 EQO0 30 J,0 iS0.0 1E0.0 210.0 240.0 270,0 3G60,0 330,0 3540
ELEVATIONS, MY 2219 19,23 997 0,00 f.28 1633 1650 30,15 2750 12,38 22,22 24,09 1A74 BN 147 TSI
rir4TOP WiDTHE¢# 1ty
RY@ W6 978 %8 972 %2 972 .30 %4 .32 .79 .9% ,SA3 ,7% .78 M3 .9E2
fTHAR{DI*B & A 64,910 2780 8,156 12,422 63,070 7,712 B.174 35,660 14,054 28,632 4,380 29.852 10.10B 14,230 S5 344 27.736
WM & D, Wit B A3 LBI9 L850 763 L4429 854 .B23 LS4 .7 LBET7 952 LEBR L7975 .90R LERR
FHlETIED PERte¢ bt
B2 L0600t 1000 100D 1000 £.000 1.00O 5,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000
BWOR0I*B ® A 68, 783N\2,902 8,404 12.458 62,640 7,940 0,365 35,412 14,894 28,616 4,812 23.720 10.232 14.248 5.6%2 27.510
HD 30, ke BN 433 ;833 L8B4 LT7B 038 LB78 846 L3 V744 LB3F LI LEFT .83 TR .%T L5
wSURF. SHAPE FRCT, WF

WRIFILE  ® .3!?\1_ 388 .21 A8 W0 LEAD L2530 LB0B 209 2B L2460 .88 307 V36l LE36 0.000
VIEPTH * 2k \,138 Lo LT L1330 L3610 L1870 L3eR LGE7 L1060 47 L2820 L 36 L2700 LAY
WIVANCE  » SHE N S L3 LI LB L7260 JEBE LBAR L EAT L5390 LEAR L4689 AZB 514 0.000

S04 3,088 0,000 231 0.0
.28 1,856 0.000 46.9 B80.3 0.0

553 2,885 0.000 TA.0  E3.4 40,3 0.0

4,42 1.886 0,000 72,5 .6 T.9 &2 0.0

9.58 1,885 0.000 .4 105.2 (07,1 j048 .8 0.0

i8.08 1885 0,000 939 115.0 f17.9 {61 023 513 0,0

26.68 J.832 0,000 536 121.0 2.6 ieh.2 §18.% 1062 9LA 0.0

33.68 1,874 0,000 106.5 i27.8 130,9 1329 6.6 120.% 1043 BL1I Q.0

52,88 3.B65 0.000 310.4 1355 (34,9 1373 1M.3 §27.0 1557 TR0 T4 0.0

70.08 1835 0,000 iih. 4 1357 1391 i4LB 1364 131.¢ 120 104, 91,0 0.8 0.0

87,58 3,853 0,000 1{7.0 18,7 [42.0 446 1320 §36.8 {272 1093 9.9 TAS TLB Q0
108,68 3.870 0,000 [19.4 140,9 44,5 147.5 1430 32,7 1.0 L6 §02.2 B4 G803 BEE 0.0

; §35.08 3.870 0,000 (22,0 145 147.0 §49.8 1450 §42.0 1342 U&7 [07.4 83,9 BRL L6 L2 0.0
; 158,38 3,866 0.000 121.0 344,03 148,37 1510 M2 DAhG f361 J18.7 $09.] 9.2 9.4 B34 BLT 6L.9 0 08
181,58 2,917 0,000 (06,8 1248 126.7 IM.5 12%.0 80,7 4§35 4 11689 (127 960 93,4 BAD B6E M2 S8 0,0
10, 00-2,837 0,000 65,7 89,8 953 $00,7 978 1049 103.0 920 9.9 BLA 938 BL) B&S TR 60,5 BAD
200,00 - 829 0.000 466 7,0 763 BiE THE BALY 19,4 M1 G2 5.2 WY BLE TLE TLY &LO TLY
210,00 ~.333 0.000 34,2 6.0 02 647 609 655 G4 SA7 485 ALO S5H3 A2 555 557 M8 542
20,00 -, 085 0,000 24,2 46,0 500 543 499 5L] 4.5 400 332 20,9 235 jed 3NB 35 2l 3.9
230,00 ~011 0,000 0.4 359 4l.2 452 408 428 37,8 247 2.8 00 00 0.0 B3 0.0 0.0 +6
240,04 =007 0,000 .5 249 2.9 M) JLf 228 20 %3 o0 OO QO QO OO0 00 04 0,0
20.04 - 006 0,000 0,0 .} 189 263 1o 15 &2 04 00 00 OO0 QO 00 0.0 00 00
0.0

27,50 0,000 0,000 0,0 40 J25 2L0 &3 A7 OO0 OO 0O OO0 OO 00 Q0 0.0 00

INLDW VILLRE = 117,42 MY K3/M/N
DRAINBACH VOLLME = B.27 MM M2/¥/N
RUHOFF VIL

VE, ",

VE, TP KIDTH A = 17,088 -
WE. TP RIDTE D= B3]

AVE. MET PERIN A = 16,953

AE. WET PERIN B = 710

AVE, SHIFE PRIF = 377

AVE, S¥9E DEPTH= 212

AVE. SHAPE ROVAN = 539 ~1
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Table 3. Water surface profile data for Test Number 104, Table 1. ‘

MAC FURROW DRAINBACK STUDY NUMBER $04
NO.BSTR ND. TINE PERIDDS FURHDHIS(F;?EZHG

!7 .
STA L STA@ STA3 SR 4 STAS STRb STRT SIRB
OTSTANCE, M 0.0 50 1{0,0 20,0 30,0 60,0 90,0 120,0
ELEVATIONS, WM 17.02 23.43 14,35 14,69 9,80 (0.00 b5.73 4.82
HEREETDP WIDTHRR R EEE
re2 ,980 ,956 .,980 ,969 .,974 .948 ,993 .93
#TW=R4{D}"D ¢ A 25,782 52,246 38.970 23.376 34,982 24,692 11.508 21.57¢
#TH B D, MMe B .6]8 .45 .523 .623 .D44 L.6l0 .77 .656
FeREWETTED PEAxERER
2 1000 1,000 1,000 1,000 1000 1,000 L,000 LOOO
#hP=R{D)*D ¢ A 25,736 52,042 38,734 23.198 34.786 24,9572 11,604 21,496
€P & D, Mie D 628 473 .535 .636 554 .B3Y .79y .EBR9
HSURF, SHAPE FACT, #¢

tPROFILE .22 .36 179 .,230 .2B3 L.000 .338 0.000
*DEPTH 1 82 316 JI53 L197 .2A3 .444 253 0,000
EAOVANCE  * L858 .858 .858 .858 .85 .A07  .743 0,600

TIME @ IN @ OUT  HEAD
HIN L/S /S #

0,00 0,000 0,000 0.0

30 3777 0,000 30,5 0.0

.80 3,886 0.00¢ 6£3.6 38,7 0.0

1,49 3,886 0.000 70,2 49,0 (8.3 0.0

2.3% 3.886 0,000 78.8 R34 42,0 36.5 0,0

4,10 3.886 0,000 BB, B 786 79.9 742 B3.3 0.0 ,
11.10 3,897 0,000 [00.8 91,4 94,7 94,5 90.8 6.5 0.0 g ;
16,30 3,895 0,000 97,6 9.2 977 34 983 9LD BAS MO ‘
20,0¢ - 723 0,000 &0,3 58,6 6B, 742 V6.3 S2.5 BA.1 BLO
30.00 -,893 0,000 39.1 37,1 43.8 G50.1 Sf.4 65.3 65.0 B2.2
40,00 -, 278 0,000 28.8 268 329 38,6 38.7 U509 49,0 48.4
30,00 -.032 0,000 2,8 132 24,9 23.8 3l.4 M6 43,8 4L
60,00 -.028 0,000 5.5 1.3 16,9 20,3 2i.4 31 3.5 260
70,00 - 017 0.0 10.4 A6 5.0 L1 13,8 20.9 2L.0 I56
80,00 -, 012 0,000 5,3 .} 39 44 7.0 10,7 2 7.8 .
90,00 -, 005 0.000 4 &0 .2 0 .6 L0 L2 .8
91,20 0,000 0,000 0,0 00 GO OO0 0.0 0.0 ] .0

INFLOW VILLME = 32,94 MM M2/W/H -
DRRINBACHK VOLUME = 9,56 M N2/3/H

RUNDFF VDLLME = 0,00 MM M2/M/H

AVE, INFLOW RATE = 3.891 L/S

INFLOW TIRE = 17,20 HIN

AVE. SLOPE = - 00011 M/H

RVE, TOP RIDTH A = 27.277

AYE, TEP WIDTH B =  .598

RVE. WET PERIM A = 27.074

AVE. WET PERIN B = .51 -
RVE, BHAPE PROF =  ,373

AVE. SHAPE DEPTH =  ,224

AVE, SHARE ADMAN = L BI6
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. Table 6. Water surface profile data for Test Number 105, Table 1.

WAC FURRCY DRATMEACK STUDY MUMBER 105
NB. STA NDO. TI¥E PERIODS  FURRDHW SPACING
12 23 1.0i6
STA1 STA2 STA 3 STA4 STAS STAG6 STAT STA B STA 9 STALG STALY STALR
DISTANCE, M 0.0 5.0 f0,0 20,0 30,0 60,0 30,0 120,00 {50,0 1080.0 2i0.0 240.0
ELEVATIDNS, WM 44,42 33,B! 23.21 37.81 36.32 67.23 76,25 20.27 21,00 10,29 30,04 Q00
EEEETOP WIDTHE R EEEEE
B2 .93 .97 .988 .9R4 ,989 .970 ,943 ,933 .995 .95 ,9B% .9%4
#TH=A{D)~D = A 4B.634 31,664 18,432 34.730 27.774 9,492 51.584 16,768 14.688 13,278 21,902 15,480
#TH 4D, ME B .519 ,574  L685 .SG7  LEB2 787 .45 ,T04  LTI0 LT7H4 LG43 LT710
FHEEEHETTED PEREMEEES
B2  1.000 1,000 000 5,000 1,000 1000 1,000 L.000 L1.000 1000 L.0O0 LLO00
WP=A(0~B £ A 43,424 31.502 18.462 34.640 27.610 9,636 51.298 16.766 14,697 13.320 21.628 15.496
WO &£ D, Mde B .52 .585 L698 .SR7 .595 .BOB  .&63 LTIV .7E7 .70 LBSH .75
#SURF, SHAPE FACT, »e

IPROFILE ¢ .48 .42 B35 442 434 324 L2501 .21l .2B3 .23 ,3098 Q000
#EPTH £ .250 ,22¢ .31 .23 .23% .27 .88 .17¢ .338 .,205 ,5@3 .5%
HADURNCE ¢ .28 .58 .s18 ,518 ,SIB .794 ,7AB  .BOD .BAl .BE6 .BBA4 (.000

TIME @ INQ OUT HEAD
HIN LSS L/S M

0.00 0.000 0,000 0,0
.11 3,650 0,000 1.0 0.0
.41 3,937 0.000 40,7 43,4 0.0
1.58 3,997 0,000 52,6 74,2 54,3 Q.0
3.45 3,937 0.000 68,6 946 91,5 72.6 0,0
7.80 3,937 0,000 9.0 115.9 112.¢ 10L.3 947 0.0
; 13.00 3,397 0,000 107,2 136,55 126.7 {164 1125 7a7 0.0
: 19.10 3.997 0.000 118,0 147.4 137,9 126.0 1251 83.3 5.1 0.0
b 25.20 3.997 0.000 122.6 152.¢ 142.8 133.2 130.4 95,4 6B0.3 100.1 0.0
31,30 3.937 0,000 1247 1542 145.4 1358 133.3 98.9 669 113.7 762 0.0
37.40 3,997 0,000 125.2 15,7 147.¢ 137.3 1346 99,6 72,0 118.3 9dL4 763 0.0
43,50 3,937 0,000 127.4 149.2 154,8 140,7 137.4 1023 761 121.7 100.5 941 Sl.6 Q.0
50.00 ~, 744 0,000 44,f 78,8 87.¢ B6.6 947 B80.1 67.3 117.0 l0A.8 107.¢ 78.6 T2
B0, 001,471 0,000 7.9 42,¢ 45,6 43.4 B2.3 351 .0 971 971 1037 87.5 106.¢
70.00 ~.134 0.0060 12,5 40.8 34,0 28,0 42,3 17.9 28.8 BAE 82.2 944 BA.5 947
80,00 -, 040 0,000 0.0 24,8 27,2 19.7 3.0 9.4 248 80,3 764 B5.7 550 827
§0.00 -,003 0,006 0.0 17.3 19,3 141 25,0 0.0 146 70.1 68,8 7.7 OS1.B T2.5
109,00 -.005 0,000 0.¢ 10,3 141 7.5 7.6 Q0 b7 G4AS B35 68,6 44,7 60.6
110.006 -, 003 0,000 00 27 52 L5 98 00 0.0 56,8 531 58,4 3L5 ES
{20.00 -, 003 ¢,08¢0 00 00 GO GG 6 0.0 QO 503 46,1 G5B 245 433 -
130,00 -~ 002 0.0 GO 00 00 0.0 00 00 0.0 4L9 362 43.6 141 342
£40,00 -~ 002 Q.00 GO0 OGO O¢ 0.0 0.0 0.0 0.0 345 30.0 3.0 L5 292
150,00 -,002 0,000 00 00 0O 0.0 00 00 00 285 250 27.3 0.0 143
160,00 -, 402 0,000 00 0.0 GO €0 00 00 0.0 2.5 L0 08 00 0.0
166,2¢ 0,000 0,000 @0 €O 0¢ 00 00 0.0 0.0 .6 L3 GG 60 00

INFLOW VOLYME = 46,22 MM M2/M/M
DRAINBACK VOLEME = 8,30 MM H2/M/M
RUNDFF YOLUME = .00 MM K2/M/H -
AVE, INFLOW RATE = 3,996 L/S
INFLOW TIME = 47,00 MIN

AVE. SLOPE = -, 0003 M/H
AVE. TOP WIDTH A = 23,312

AVE. TOP WIDTH B =  .630

AVE, WET PERIM f = 23.120

AVE, WET PERIM B =  .GA4

RVE. SHRPE PREBF = 398

AYE. SHAPE DEPTH =  .272

RVE. SHAPE ADVAN =  .638
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Table 7.

WG FURRIM DRAINBACH STUDY MUMPE

R 106

h[lisSTﬂ 18 TH‘E FEREQDS FURRCHISZ?ENG
|-
STA) STAR2 STA3 SiA4 SIS STAG SIA7 S8 5T 9 STRI0 5TAtY sSTale
RISTANCE, X 6o 50 0,0 20.0 300 60,0 900 120.0 1500 180,0 210,0 2i0,0
EI..E\FRTIBNS, L] 3.3 19 19,33 9,97 0,00 1.28° 1608 16.50 30,15 27,50 2,14 22.22 24,09
HHETOP WIDTHe et tear
2 (995 .93 .%41 ,979 .94 976 ,TI ,5%5 976 .98 972,938
FTH=AIDI"A ¢ A £5,552 5. IS0 20,194 15,162 23,048 12,194 21.430 37,070 7,134 10,278 14,452 11482
fTHED M4 B 431 ,SB6  LBBA ,727 . . LB4S  LE5V 827 807 731 .7ES
anul.trrEf] FERne288%
2 Lo 1,000 £.000 4,000 1000 LOOD LOOO 1,000 1000 1000 1000 {000
WoA{DI*B + A BE.386 31.936 20.112 15,180 22,954 12.28F 2f, 340 36.574 9,306 10.424 H.H‘B H.332
WP LD, e B L83 L5 LB78  L,7Al 65 o7 L6533 .Z81 L4 LR . 82
HESURF, SMYE FACT, 1
HROFIE  » M2 L7 V38 L3300 83T L3A3 L3800 L3 555 LI@ . 349
#DEPTH L] «i6F LiBE LITB 172 L1190 L3109 L2368 L2803 L0326 238
SNRMCE s ST AT2 LR AT LATR LSH0 LESA L7135 L7228 LEIR B30 671
TIEE 0 INOOUT HERD
HIX LS LSS M
0.0 0,000 0,000 02,0
«12 3,627 (OO0 LE 0.0
L0 L3908 0000  §9.8 20O 0.0
218 2,908 0.000 619 ERA TA.3 0.0
312 .96 0,000 647 B60.B 80,2 I7.0 0.0
502 2.903 0.000 0.4 A8 .4 BE.Y TR0 MO
1,12 3.8% 0.000 B1,7 1035 1047 1054 901 76.7 0.0
17.22 1887 0,000 9f.% 11,5 }IA5 H45.1 1040 97.7 BO.3 0.0
23,32 3,885 0,000 96,9 117,84 1207 1221 1ISE I03.i 95.0 829 0.0
30,02 2,836 0.000 10,8 1224 [26.2 [27.8 {21.9 17,2 08,0 303.8 E4,0 0.0
38,52 1885 ¢.000 06,1 127,3 1350 J3IL1 127,2 £23.8 ll16.6 ii4,9 BOB 55,3 0,0
A7.82 1885 0,000 150.0 13,7 1.4 1162 §30.9 13R.3 1231 122 90,8 0.8 50.5 Q.0
55,72 3.683 0,000 [IX4 1354 1IN0 $3%.0 11L7 $3(,0 125.0 1281 97.6 784 76 6.9
55,82 3.870 0.000 ]15,9 $37.9 119.7 149 130 1351 130, ¢ 13,4 106.5 3.6 841 78,0
74,92 LA38 0,000 117,5 1X3.2 BALO $43,3 338,3 137.6 1003 136 K118 3.0 94,1 90.]
83.42 1850 0,000 07,2 1279 13,3 1331 1360 1X.2 1278 §20.0 107.4 93.8 BL.6 H.9
90.00-),943 0,600 LA 80,2 6L9 981 977 106.5 109,01 I04.4 95, 43,3 79.0 9.0
100.00-.817 0,000 24,6 61,7 E5.6 72.6 74,0 79.3 B8l.7 TO.5 TAi 74 BAE 90,
130.00 -, 631 0,000 6.1 52,31 552 6.2 58,8 655 66.7 66.7 T9.6 5,9 566 633
120,00 -, 337 0,000 10.4 48.f 552 555 SL4 57, 58,4 59,4 ARL9 H0,5 4. S29
130,00 <, J64 0,000 2,8 44,9 .6 5L9 48.6 515 5.0 0.9 43,2 W6 382 9.0
£40.00 ~. 028 0,000 0,0 40,0 427 A5 1 42,2 4.8 5.1 446 6.5 285 J0.4 a3l
130.00 <012 0,000 0.0 B JILB 40,6 365 2390 3.9 8.4 23,0 16,8 1.8 30,3
160,00 -,006 0,000 0.0 23,9 329 356 3,3 LA L0 32z 184 23 00 12,8
170,00 =, 005 0,000 0.0 251 28.¢ J.6 229 2.3 248 2.2 60 00 0.0 0.0
160,00 -, 004 0,000 0.0 1%, 223 2L§{ 234 24,3 87 49 00 00 00 0O
$90,00 -, 004 0,000 0.0 128 T2 &)1 1 133 L0 42 0.0 0.0 0.0 0.0
200.00 -, 004 0,000 0.0 5B $22.4 6.7 9.8 Eé4 L2 e 0.0 Q00 Lo Qo
208,80 0,000 0,000 0,0 «9 T.8 Lo 2,4 4 00 00 0.0 0.0 .0 0.0
INFLIW YOLLME = 52,98 WM K3/
DRAIHBACK VOLUME = 9,50 MM r2/NIN
RUNEF VOE = 0.00 1M H2/NIK
PWE, INFLOW RATE = 3,BB L/S
IHFLOd THE = BLII HIH
RVE, SLOFE = L,00000 WM
RVE, TP KIDTH R = §8,228
AE TP WIDIHB =,
RVE. WET FEAIN R = (8,117
AVE. WET PEAIW B = 1]
PVE. SWPE FROF = 403
AVE. SHAPE DEPTH = 284
AYE, SHAPE ROV = 682 ~1

5TAtl
270.0
14,74

L322
12,458

»

1. 000
19,374

AX
303
708

5TAI4
Jo0.0
B.34
3%
.78}

1,000

Water surface profile data for Test Number 106, Table 1.

§TALS
330,90
17.47

731
554 110020 110655
77

1,000

15,265 11,188

« 73

i34
.038
«136

.187

+I05
461
633

.
L - -

SYHEEFe

POVl oS

0,0

STAIE
354.0
7.583

.933

1,000
1948
LT

Q. 000
«334
C. 000
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‘ Table 8, Water surface profile data for Test Number 107, Table I.

MAC FURROW DRAINBACK STUDY NUMBER 107
ND. STA ND, TIHEHPERIDDS FI.IRRD‘Hisg?gINE
8 .
STA 1 ST 2 STA3 STA4 STAS STRGE STA7 STAB
DISTANCE, M 0 50 0.0 20,0 30.0 B0.0 30,0 120.0
ELEVATIONS, ¥ 17.02 23.43 15,35 1469 9.80 0,00 6,73 8.B2
FEEETOP HIDTHEREHE
i ,930 .95 .980 .969 .974 .94 ,991 .39
sTH=R{DI~R & A 25.782 52,246 38,970 23.276 34.382 24,692 11,508 21.570
fTH 8 D, ¥4 B LBIB 465 .589 .e23 .544 LBYO 778 .B0B
HERETTED PER*E£ERE
R*2 1,000 1.000 1,000 LOO0 1000 1,000 1,000 L1000
HP=A(DIE ¢ A 25.735 52,042 36,754 23,198 34,786 24.572 11.604 21,436
tP £ D, Mde B L628 ,473 .535 .B36 ,554 L6264 794,669
#5URF, SHAPE FACT. &+

PROFILE  * .32 .,219 .22 ,299 L4705 .29l U3 .38
#DEPTH * L2488 .180 .1B4 ,246 ,390 .242 .33 .183
HDVANCE & Be2  ,a22 A2 B2 LB22 LB32 TR LT3

TIME @ INGQOUT HERD
HIN L/S L/S MM

0.00 0,000 0,000 G0
LA 435 000 521 0.0
.97 1,034 0,000 54,0 3,2 0.0
1,33 £.924% 0,000 66D 232 2L.2 Q0
218 3,485 0,000 79.3 455 443 3.4 0.0
6.85 3,955 0.¢00 103,0 90,4 93,3 87,9 73 GO
: 11,15 3,979 0.000 (10,2 98,9 100.9 100.0 349 B2.0 0.0
18.75 3.839 0,000 106.4 103.1 1049 107.9 105.2 104,54 89,3 0.0
b 20,00-2,188 0,000 B5,2 847 91.8 959 455 106 90.B 674
30,001,135 0,000 40,3 438 5.1 5.0 58,9 731 737 70.4
50,00 -.331 0.000 30,6 32,7 38.4 441 455 987 OSIL.E S4E
50,00 - 126 0,000 231 24,4 30.0 358 357 4A.5 AR5 457
50,00 -.042 0,000 17.6 15,9 22.4 269 27.5 3396 385 351
70.00 -.012 0.000 149 6.3 13.4 143 183 30.7 23,6 23.4
80.00 -~ 006 0,000 139 00 S5 3.4 10,9 <40 238 1B .
50,00 -, 003 0,000 120 0.0 00 L2 Lt 147 134 34
100,00 -,008 0,000 14,6 00 00 0,0 00 33 4O 0.0
108,60 0.000 0,000 62 00 00 00 00 0.0 00 0.0

DLW VOLLKE 3h. 21 ¥ M2/H/K
DRAINBACK VOLUME = 9,50 HM HE/M/M

[

RUNOFF VOLUE = 0,00 M H2/H/M
AVE. INFLOW RATE = 3,767 LIS
INFLOH TIME = 18,45 HIN

AVE. SLOPE = - 00011 M/

AVE. TOP WIDTH A = 2LET
AVE, TOP WIDTH B = 538
AVE. MET PERI¥ A = 27.07h
QVE, WET PERIM B = .Bii -
PVE, SHAPE PROF = .43
AVE. GHAPE DEPTH = 250
AVE, SHAPE ADVAK =  .789
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Table 9., Water surface profile data for Test Number 108, Table 1.

MAC FURROH DRAINBACHK STUDY MURMBER 108
ND, STA ND. TlﬁgspEHmDS FUHRUHlsg?gmﬁ
12 .
STAR1 STA2 STA3 SIA4 STAS STAGE STA7 STAB STA 9 STAI0 STAIL STAI?
DISTANCE, M Q.0 20 10,0 20.0 30,0 60,0 430.0 120.0 150,0 180,0 210.0¢ 240,0
ELEVATIONS, MM 44,42 33.81 2%.21 37.5¢ 36.32 £7.29 76.25 20,27 21,00 10.29 30.04 0,00
FEEEETOP WIDTHEEREEZE
R~ L3333 .97%6 .98 .94 ,989 ,970 ,943 .93 .995 ,994 .989 .99
fTH=N{D}“B ¢ A 48,634 31,654 18,492 34.790 27.774 9.452 S51.58% 16.768 {4,608 13,278 21,902 15,480
#¥TH LD, M B 219 .0 ,BBS .557 .582 L,7BT .454 704 ,T7I0  ,744  ,BA3 L TI0
HHHETTED PERHOUE
2 L0000 1,000 1,000 100G 1,000 1,000 1,000 L.000 L.000 1,000 1.000 1.(K0
WP=A{0}*B # A 48,494 31,502 18,482 34,640 27.610 9.636 51,298 15,766 14,692 13,320 21,828 IS, 496
&P LD, iMe B .025 L3585 .698 .5B7 ,595 .BOB .43 L71T .77 .760 .BES  .725S
#55URF, SHAPE FACT, &+

WPROFILE  * ,b31 .Bl2 .983 631 ,702 .304 153 .470 .285 .25 .G91 .3A9
*DEPTH * .29 286 L4539 .295 327 .2@5 LI71 .359 ,233 .85 L4122 ,234
HOVAKCE » -867 467 .467 .4B7 467 .74l LI13 .74 ,350 .97 .56 .673

TIEE O INQ OW  HERD
MIN L/s L5 W

0.00 0,00¢ 0.000 0.0

.08 3,411 Q000 36 0,0

.33 3,831 0,000 15,8 19.6 0.0

1.48 3.835 0,000 51,9 EB,9 49.6 0,0

3.02 3.854 0,000 &7.7 A5 BO,5 &El.i 0.0

9.62 3.904 0.000 94,8 1235 129.9 113.0 10L.4 0.0

16,62 3.950 0,000 112,6 141.1 147,3 {333 123.2 866 0,0

21.52 3,966 0,000 119,9 148.8 154,9 141.0 1354 96.1 5.9 0.0
28.82 3,982 0,000 26,6 1552 162,3 48,4 138,8 103,7 649 102.7 0.0

34,92 4,000 0,000 123,3 57,3 153.5 148.0 143.2 1056 7.4 {464 7.7 0.0
41.02 4,017 0,000 1319 156.6 {42.7 136.1 1444 109,9 77.7 1222 944 750 0.0
91,32 4,040 0.000 131.1 140.1 108,7 106.3 143.4 1i4 4 B3.0 128,9 110.3 103.1 6&L.0 0.0
60.00-3,400 0,000 38,9 ©O6.9 66,5 65.2 72,5 552 52,6 107.5 164.2 1069 78.2 9,7
70,00 -, 671 0,000 9.4 39,1 42,8 38.3 477 30.5 37.2 9.6 9.1 99,0 720 9.1
80.00 - 150 0.000 0,0 30.8 330 263 37.2 18.0 28,6 B4.2 B2.7 BI.E 632 84,7
90.00 -, 048 0,000 0,0 22,9 250 8.8 29,4 6.2 199 79 735 80,9 565 73.6
100.00 -.025 0.000 0.0 {57 6,4 42,7 229 Q.0 13.0 E8.7 664 73.0 47.8 655
110,00 - 045 0.000  0.¢ 83 90 64 144 00 2,7 598 566 644 359 552
laﬂ,ﬁﬂ e 009 0.090 0'0 000 3.0 040 5.3 0:0 0:0 52-4 50:1 55;5 27-0 §5.0 .
130,00 -.008 0,000 0,0 00 00 0.0 00 00 0.0 464 435 50,0 20,2 374
140,00 -,008 0,000 0,0 0.0 0.0 00 (O 00 0.0 357 3.3 3. 9.7 847
150,00 -, 006 0.000 00 00 00 00 00 00 0O 262 242 27,7 00 1.0
155.40 0.000 0,000 00 0O 00 00 00 00 00 2.9 220 230 0.0 56

ENFLOW VOLLME = 50,49 MM H2/H/M

DRAINBACK VOLUME = 9,88 KM M2/M/M

RUNDFF VOLUME = 0,00 ¥4 Ha/H/M ’
AVE. INFLOW RATE = 3,975 L/5 -
INFLOY TIKE = 2i.62 MIN

AVE, SLOPE = - 00013 M/

AVE, TOP MWIDTH A = 23,312

AVE. TOP WIDTH B = B30

AVE. WET FERIM A = 23,120

AVE. WET PERIM B =  ,G44

fVE. GHAPE PROF =  ,5i6

AVE. SHAPE DEPTH = ,235

AVE. SHAPE ADVAN = 605
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~ Table 10. Water surface profile data for Test Number 109, Table 1,

WIC FURRCM DRAENBACH STUDY MUMPER 109
0. STA KO, TEP§ FERIODS FURRNJS?;C}PE
H 0 )
STAL STA a2 STA3 STA4 STAS SIA6 STAR7 SIAB STR 2 SIAI0 S5IALE STAI2 STALY STRIA STAIS GIAIE
DISTAKCE, M 00 S50 0.0 2.0 100 60,0 90,0 120.0 {50.0 180.0 2§0,0 200,00 270.0 30,0 310,0 3560
ELEVATICNS, M 12013 $9.33 3,97 0,00 L.20 §6.13 1650 30,15 27.% 138 22,22 2409 {A.7A 8.3 17.47 .59
343700 WIDTHE #4240
g2 985 .93 .94 ,979 .94 976 973 L,9S5 .976 .98 ,372 ,968 ,2W2 .36 .99 .93
aTW=AID1"A & A 5-6 .a& 34,150 20,194 15,162 23,048 J2,134 21,430 37,070 9,134 10,278 14,452 1],062 §9.458 1],.15% §1.000 1§.85
sTHS D, WMs B 43 586 664,727 .64 LTTA LBAD 5S4 L8277 807 7R 765 .658 L7810 7T0 754
HHHRETTED FERs#eet
2 {000 f.000- 1,000 1,000 1,000 f000 1,000 1,000 E.O000 1.000 1,000 LOO0 1000 1,000 000
AP=AIDi~A ¢ A 65,335 J1,%66 20,112 15,180 22,954 12,286 21 .AO 36874 3,306 10.424 14,478 Ii 55.. 19.374 11,265 11,569 11,948
LD, e B 43 L576 L678 LTA LBS3 .?BB .659 L8531 .B42 LB} L7 .1A® L673 7% .187 .7

GRIFILE  * A2 L1750 L6737 LIR2 L1550 L2340 L3190 L35 A L5320 LB LB LTV L2TR LO00 0,000
LB 70 (853 L1770 IS0 .20 L2356 L261 .28 481 43 AT LEEE LRIx LBAS  LBAB
L9797 9T L9110 97 912 LT3 LT3 LB1F L3 LER) LEGB L7830 L7BB L4%0 000

TINE O INOQUT HERD .
M /s LS o

0.00 0,000 0,000 0.0

89 37770000 Jr.e 00
.32 1,831 0,000 521 367 0.0
246 1831 0,000 L9 B4 352 0.0
371383 0,000 6.2 78.0 41,7 BLS 0,0
4,22 30831 0,000 79.2 567 10i,7 968 867 0,0
f2.82 1,831 0.000 85,3 047 (0.6 1075 93,0 B3} QO
j8.%2 383 0.000 920 1120 1156 $15.6 93,5 B0.6 0.0
25,62 3831 0.000 976 147.7 121,95 &3 6.8 0,2 %.2 GAT7T 0.0
34,42 3831 0.000 10i.8 {2].3 §27.0 i28.1 124 §§9.1 1075 @63 5.4 0.0
40,82 3,831 0,000 1057 j26.6 131.0 1323 i26.7 I2h2 1142 95,1 .2 W28 0.0
49,52 1.B3{ 0,000 {§0,6 1JL 4 1368 {368 1.2 3.0 13i.4 048 9L.2 .0 608 0.0
Bi.42 1.831 0,000 £}1,3 1.2 (38,4 (40,4 {15, A D U366 1097 9B.8B D006 TLT SA.2 0.0
! 712 3.831 0,000 115.6 {366 3413 IML5S 1347 13L9 .3 4.2 5035 2 BL3 .0 724 00
F 80,52 1831 0.000 118.7 133.B 2 1466 144 B 1316 1181 1086 9hE 9WB @A 7 B6.7 67.3 0.0
~ 94,12 3.742 0,000 110,0 .6 123.4 14S.2 {424 1397 13L9 Jani ME9 978 1000 924 SR BA.9 6A.0 O,
100, 004,438 0, 000 . .4 97 10,4 j0L.1 1E2.6 1.2 103.8 02,0 938 .7 940 00,5 350 79,7 13,

150,00 - 049 0, L7 42 ALY B.6 M, 50,7 AT4 185 356 293 344 38,5 538 S49 462 .

160,00 -, 0066 0, l.4 368 42,0 452 4.1 446 A7 308 274 156 241 252 M0.6 ALE 3LE 38,9
170,00 0,000 0.000 0,0 1B 358 M2 ¥4 M8 6 A0 2,5 53 445 i34 B M2 26 AL
160,00 0,000 0,000 0.0 6.6 3.7 IS3 M.5 333 an4 In2 .3 00 00 0.0 M2 3l 3t 158
190,00 0,000 0,000  ¢,0 20,4 26,0 30.§ .9 255 2.6 10,4 OO0 QO 00 QO 00 00 0,0 0.0
200,00 0,000 0,000 0,0 14,9 20,0 .8 a7 8.1 $l4 X6 OO0 00 00 00 OO0 0,0 0.0 00
210,00 0,000 0,000 0,0 B2 JA4 19.2 44 0.7 L7 o0 00 00 00 00 00 00 00 00
220.00 0,000 0,00 00 23 98 1.9 64 25 00O 00 00 00 00 00 0.0 00 00 00
223,20 0.000 0.00O 0.0 .8 95 J&5 53 L2 00 OO0 OO0 OO GO OO OO 00 00 0.0

INFLOM VOUINE = 39,34 B4 MWK
DRAJIIRCK VILLME = 9,11 P4 W2/N/K
VILLME

ALHOFF

AVE, {WLDW RATE = 1.B3f LJS
INU TINE = 91,80 HIN
ME, SLOPE = 00000 W/K
AVE, TOP WIDTH A = {8,228
RYE. TP WIDTH B s ,EA]
RVE, WET PERIN A = 18,117
AYE, WET FERINB = 638
AVE, SHOPE PRIF = 429
RYE. SHAFE DEPTH =, 347
E, SHPE ROWH = ,BIB “2
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Table 11,

Water surface profile data for Test Number 110, Table 1.

MAC FURRDH DRAINBACK STUDY MUMEER 110
FURRDH SPACING

M. STA
8 14

NO. TIME PERICDS

1.016

STA1 STA2 STA 3 STA4 STAS SIAG STA7 STA B

DISTRMCE, ¥ 0,0
FLEVATIONS, M 0,00

FEEEETOP HIDTHER-E2EE
. 945

2

fTHAIDI*B ® f 53,155

€TH LD, e B 451
e RlETTED pEHII—I-!!'I-

R2 1,000

HP=0(D)*B £ A 58,89

WP LD, Mt B 468
BSURF. SHAPE FACT, ¥

FPROFILE  + .870
£[EPTH ¥ 479
HROVANCE & 436

TIFE O INDDUT HEAD
BIN L/s L5 M

0.00 0,008 0.000 0.0
08 3,337 0.000 3.7
«23 3,776 0,000 12,9

1,44 3,777 0.000  63.4

3.63 3,785 0.000 106.2

10,68 3.810 6,000 117,56
18.58 3,831 0,000 125.2
29.18 3,831 0,000 136.5
30,00 3.831 ¢.000 122.0
40.00-1,456 0,000 47.2
50,00 - 246 0,000 33,4
£0,00 -, 029 0.000 21,1
70,00 - 012 0,004 4,9
75100 -am 0.0@0 000

INFLOW VOLRE
DRAINBACK VOLUME
AUNGFF YOLLRE
AVE. INFLDW RATE
INFLOW TIWE

R Uue

50
4,42

.980

10.0
7.59

-363

30.018 13,752

.598
1. 000

674
1.000

£3.942 19.714

606

. 3'55
.139
+436

0.0
57
37.1
84,0
93.9
109.0
119.2
117.2
43.4
26,0
1.0
0'0
0.0

.B83

+437
L !90
+43b

0.0
31.8
77.8
ﬁl?

105.3
115.4
I14,0
A2.4
24.0

3.4

0.0

0.0

20,0 30.0 5600

90. 0

11,69 %31 10,31 11,38

<380 372 L9ES

. 965

120, 0
5.82

991

26,298 32,658 32,436 11,585 16,370

.B0%  LOT0  .S63

+ 760

1000 1,000 1.000 1000
26, 172 32,492 32.314 11,680

.616 .8l .574

.83% 593,314
.363 ,258 .230
436 LA 132

0,0
9.8 0.0
88.9 BL6 0O
10,7 96.7 8L3
115 108.4 96.7
11,0 107.2 97.2
48,0 50,5 5.1
28.1 2%.2 312
1.6 189 L6
J 0 0.0 0.0
6.0 00 00

57,48 MM M2/H/M

9. 75 ¥ H2/H/M
0,00 KM M2/M/H

3.813 L/§
30,58 MIN

AVE. 5LOPE = 00003 H/H
gUE. TOR WIDTH A = 26,692

VE, TOP WIDTH B =

510

AVE, HET PERIM A = 26.493

AVE, HET PERIM B =
AVE, SHAPE PROF
AVE, SHAPE DEPTH
AVE. SHAPE ADVAN

g unn

B2
327
-26]
» 331

782

.273
.178
.6d7

0.0
73.2
80.5
59, ¢

1.1
4.1
0.0

L7103

1.000
16,952
717

« 30k
328
+ 736

0.0
46,3
£3.5
39.7
16.6

0.0

0.0
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Table 12. Water surface profile data for Test Number 111, Talble 1.

MAC FURROW DRAINBACK STUDY NUMBER 1it
ND. STA Q. T!HfBPERIGDS FUHRUHIS%‘?EING
i2 '

STAi 5TA2 STA3 STA4 STAS STAG STA7 STA B ST 9 STRI0

DISTANCE, H ¢. ¢ 50 10,0 20,0 30,0 &0.0 30,0

ELEVATIONS, HAd 35.93 22,43 32.83 26.39 13.70 21,71 22.50
FEEERTOP WIDTHEE® HEEE

R*2 L9654 .989 .92 .90 ,987 .933 .97i

#TH=RIDI*E ® A 45,932 42,008 42,602 67,380 23, 140 29,370 25,448

¥TH &£ D, MHE R L5813 .56 LS00 La13 ,B27  ,S30  ,Bi0
FEEERWETTED PEAEEHHLE

2 L0 1,000 §.000 1000 L1000 1000 1,000

#HP=A{D}*B ¢ B 45.776 41.744 42,166 §7.016 23.044 29,242 232,304

WP & D, M4x B 520 .56 .51l ,420  L,B40  .EBOO  LE23
##SUAF, SHAPE FACT, ##

WPROFILE » 416 .336 543 555 .26 .592 .266
*+IEPTH ¥ J70 0 .137 181 287 103 L3100 L1390
EADVANCE & L4068 508 408 L408 L4088 B33 LT7IS

TIME QINDDUT HEAD
MIN L/S LS W

0,00 0,000 0.008 0,0

L07 3,342 0,000 L5 0.0

.36 3.831 0,000 B2 10,7 0.0

1,94 3,831 0.000 44.6 58,6 44,9 0.0

5.24 3.838 0,000 7L.4 944 76,8 726 0.0

9,30 3.856 0,004 78,7 103,0 66.6 890 9.5 0.0

20,20 3,894 0.000 B9,4 1141 98.8 i03.6 103.0¢ 83.8 0.0
30.20 3,930 0,000 5.2 1197 05,0 1G5 1167 961 BOO
52,60 3,895 0.000 99.5 123.3 [0B.6 il15.3 122 1049 92.0
57,70 3,845 0,000 1037 128.5 Hi.p 20,6 128,3 ifa.2 102)
77,00 3.793 0.00¢ 107.8 132.0 (17,5 124,44 132.2 117.0 1077
96,90 3.776 0.000 108,86 133.6 119,2 1271 1343 1253 ii3.7
100.00 -, 027 0,000 73,7 $02.8 96.0 108.2 1i6.0 1123 109,4
110,002,407 ¢.00¢ 17,0 48,9 40,0 B5AF 695 67.9 630
120,00 ~. 408 0,000 4,8 36,7 24,7 39.¢ 502 AE3  A7.0C
130,00 -, 08i 0,000 G0 232 10,0 226 328 265 25.8
140,00 -, 017 Q.00 0,0 47 00 7.0 17,1 A9 L3
£47.60 0.000 0,000 00 00 00 00 50 00 00

INFLOM VOLLME = 92,97 MM M2/H/M
DRAINBRCK VOLLUME = 8,53 MM H2/M/M
RUNOFF VOLLME = 0,00 MM M2/H/H
AVE, INFLOMW RATE = 3,840 L/S
INFLOW TIME = 98,40 HIN

AVE, SLEPE = = 00009 M/H

AVE. TOP WIDTH A = 28,806

AVE, TOP MIDTHB =  .587

AVE. WET PERIN A = 26,547

AVE, WET PERIM B =  .BOO

AVE, SHAPE PROF = .46

fVE, SHAPE DEPTH = .212

AVE. SHAPE ADWAN = ,O52
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120.0
£5. 44

975
15,220
714

i. 000
15,240
L 729

417
271
. 649

0.0
73.2

95,9
103.3
02,7

Sal s

46,5

24,2

2.1
0.0

150.0
20,00

981
16.836
.699

1,000
16.856
L7132

464
2719
.601

0.0
71(3

9.2
94,8
71. 5
48,1
270

7.6

0.¢

5TALL
igo,0 2i0.0
13.46 10,46
.39 .987
34,530 21.0%0
L5336 B2
1,000 1,000
34,356 21,402
D48  .657
) S-S} |
236 157
.534 581
0.0
mwT 00
.4 Bh7
2%.7 89.9
7.0 83,8
55.2 494
32,9 236
Tuh .7
0.0 0.0

5TAi2
240,08
0,00

979
12,560
762

1,000
12,642

-AB3
.220
.abf

0.0
62,8
8L.6
81.3
35,5

2.4

0.0

185
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Table 13.

MAC FURRDW DRAINBATK STUDY MUMDER 132
msm MG, TIHE PERIDDS FURRUH SPACING

DISTRMCE, K
ELEVATIONG, "

1056

Water surface profile data for Test Number 112, Table 1,

4
51 STA2 SA3 SIA A SRS SME STA7 SIAE STA9 STRI0 STRY STAI2 STRIZ STAIM STAIS STAIG

¢.0
16,33

0P um‘muuln

2
TH=AIIE ¢+ A

ST 4D, ™e B
SHUVETTED FeRttriss

+971

5.0
T2

10,0
17,36

916 988
BS, 334 42,828 39,554

.31
1,000

.5ia
1.

«AS
1. 006

g™ 000
P10 2 R 85,048 42,310 19, 3654

e 30, M

L8

HIURF, & FFk'IT *

WRFILE  #
#DEPTH ¥
TANVREE

TE GINORT
HIN LS LSS

0.00 0.000 0,000
1,48 3.913 0.000
2,35 3,941 0.000
A,52 L9 0,000
6,70 3.9} 0.000
11,76 3.944 0,000
19,68 1,941 0,000
28,43 1.541 0.000
41,18 1941 0,000
S1.1B 1,94 0.000
ES5,3B 3.941 0,000
8§,08 3,941 0.000
105,18 3,941 0.000
123.58 1.941 0.000
158,48 3,941 0.000
172,68 1,941 0,000
180,00-1, T62 0,000
190, 00-1, 549 0,000
200,00 «, 468 0,000

240,00 ~,008 0,000
248. 40 -, 005 0,000

INFLON VILLME

.19
202
1,030

HERD
"

.37

.138
.14
1,030

.55

+J62
270
1,030

20.0

30.0

60,0

3.9

18. 14 24,17 18,28 1594

. 930
43012
i)

1.000
524

= §13.98 P R2/MIN

DRATHEACK YOLIME =

RVE. HET PERIN B =
AVE. SYPE PRIF =
RVE, SHAPE DEPTH =
RVE, SHPE RDWWH =

873 m PLIHHI

+ 356
33.656 EA.JSE 23,886
+o68

o2

.5837

’

000 1,000 1.000
82,746 33,433 24,320 21,782

.t

479
+185

+E63

+2A9
»137
5

+B46

249
158
778

120.¢ 1%0.0 [80.0 2:10.0 240,0 270.0 300.0 330,0 J54.0
%61 &4 203 989 123 297 527 &14 0.0

+345 .928 .93 980 .955 %0 .977 .53 .938
16,35 33538 13,070 15,508 21,182 44,474 37.242 30,516 6.132
S70F LZ89 LEA2 594 LBAE  L438 .S53  .S41  LB72

L0200 5000 5000 1000 1,000 1.000 F 000 1,000 1,000
16.632 33,323 19.018 31,352 23,076 M,256 37. 114 30.3%0 6.672
L1i6 ,580 LES6  LE03 LB L507 L5583 L5 A9

S3:A 198 L3790 .55F L 5B T8 L,268 0.000
1% LJB6 L2330 357 L4236 .2T7 JZR4 819 LT
605,833 LBO7 LW 453 505 473 L8168 0,000

0.0
8.8 0.0

92,8 8nE 0.0

10.7 %1 &8 o0

i06.9 1030 9.8 706 0,0 ‘

LA 10,2 108 650 8L0 o0

1157 $15.8 §11,0 543 954 78.8 0.0

1197 120.1 158 9.9 1024 869 €56 0.0

1203 122,04 119.0 5042 106.9 914 737 45.9 Q.0
1084 109.3 1107 98,6 403.3 33 750 Sh4 570
730 BL.5 8.9 V5% 651 5.9 BE BL7 J0.0
5.9 B.5 BL9 359 BA.9 53,3 49,7 A5.7 Sh
L6 43,7 AL6 354 M. 3D i 38 54
2.4 2L0 196 135 2L5 159 L2 0.0 o0
83 59 00 60 00 00 0.0 00 00
0.0 00 00 00 GO0 0.0 0.0 0.0 00
00 00 0 00 0.0 00 0.0 0.0 00
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. Table 14, Water surface profile data for Test Number 113, Table 1.

MAC FURROH DRAINDACH STUDY NUMBER 113
NI, STA NO. TIME PERIODS  FUAROH SPACING
8

15 1,016
STA1 STA2 STA3 STA4 STAS STAE STA7 SIA B
DISTRNCE, M 0.0 5.0 10,0 20.0 30,0 600 30,0 120.0

ELEVATIONS, MM 0.00 4.42 7.59 1L.69 49.31 10,31 11,38 5,82
KEEEETOP HIDTHHH-iiI-

R*2 .345 ,980 985 ,9B0 ,372 .95 L3956 .991

fTU=A{0}*B ¢ A 53,155 30.018 19.752 26.298 33,698 32,496 11,585 16.970

fTHED, MHe B 461 ,598 671 LBO4 ,570 ,563 ,7R6 ,703
HEeHETTED PERERE&E

B2 L0000 100 1,000 1,000 1,000 1.Q00 1,000 1,000

®WP=A(0}"B * n 38,896 29,942 19.714 26,172 32,492 32,315 11,680 16,952

®P & D, Wik 468 LE0B .E83 .BI6 .SBl .STA .782  .T17
wSURF, SHAPE Fm:r. "

PROFILE  * 077 L087 L0933 L116 .27 164 506 .34

WEPTH % JI8 L1340 L183 179 .426  .204  .309 .77

tADVANCE ¢ 1,538 1,538 1.538 1,538 1.538 l.242 611 .EOS

TIME 0 INGOUT HERD
MIN L/S L/S MM

0.¢0 0,000 0,000 0,0
£76 3,783 0,000 3.9 Q.0
1.20 3,831 0,000 50.1 39.7 0.0
1,88 3,831 0.000 78,6 62,4 55§ 0.0
2.44 3,831 0,000 10,9 8l.2 7.8 93 0.0
8,03 3,837 0.000 117.1 105 96.4 89.2 085.0 Q.0
; : 11,13 3,675 0,000 123,2 108,3 103.9 93.2 94.9 78.3 0.0
: 17.83 3,849 0,000 23,2 {11.3 (08,5 105.7 104,9 9.7 826 Q.0
‘, 20,00 ,071 0,000 83,5 B4¢ 844 87.3 30.4 923 B8.2 81,9
30,00-1,850 0,000 55,1 50,5 49.1 520 5.1 B0.E 650 69,1
40,00 -, 333 0,000 46,5 39.9 37.7 38.B 41,9 45.7 50.6 Sh.4
o0, 00 -, 135 0.000 41,2 33,4 30.6 30.3 32,6 340 38,2 431
60,00 043 0.000 35,6 27.9 24,7 236 254 26.2 29.9 341
70,060 - 014 0,000 30,3 26§ 8.0 6.4 1680 B3 223 239
80,00 -, 008 0,000 22,4 13.8 11.¢ 8.6 10.] 6.9 1L3 126
30,00 0,000 0,000 3,1 50 28 L4 LS 0 343 L3I

INFLOK VOLUBE = 35,07 MM H2/M/B
DRAINBACK VOLUME =  13.24 MM M2/M/%

FLNOFF VOLUME = 0,00 MM M2/d/H
RVE, INFLOW RATE = 3,BAS L/S
INFLEH TINE = 18,53 NIN

RVE. BLOPE = 00003 MM

AVE. TOP WIDTH A = 2R.692

AVE, TOP WIDTH R = ,610

AVE. HET PERIK A = 2R,433

AVE, HET PERIM B=  ,822

AVE. BHAPE PROF =  .189

AVE. SHAPE DEPTH = .2l -
AVE, SHAPE ADVAN = ,O03
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Table 15.

MAC FURROW DRAINEACK STUDY MUMBER 114
NQ. STA NO. TIME PERIODS

12
DISTANCE, N

23

FURROW SPACING

£. 016

Water surface profile data for Test Number 114, Table 1,

S5TAY StA2 STA3 STA4 STAS STAE STR7 STRB STA 9 STAL0 STRiL
30.0  60.0 90,0

0.0

5.0

ELEVATIONS, MM 35,53 22.43
SEERTOP YIDTHESIREEE

R2

. 354

+9B3

10,0
32,83

. 968

FTH=R(D}"B # A 45,932 42.008 42,602

HTH LD, MM B

513

HEHEWETTED PER## -+

R
HPE LD, MME B

1
veSURF, SHAPE FACT, &%

WROFILE ¢
$DEPTH B
+ADVANCE =

TIRE 0 INQCUT
MIN L/S L/S

0.00 0,000 0,000
.05 3.077 0,000
.21 3.776 0.000
+93 3.776 0,000

3.25 3,758 06,000

6,35 3.717 0.000

11,55 3,624 0,000
17.03 3.426 0.000
24,39 3.215 0,000
33,15 3,601 0.000
39.85 3,997 ¢.000
51,35 3.858 0.000
E‘Oc 00”30 205 0: 000
70.00 -, B88 0,000
EG. 00 ¥ 400 00 000
30.00 -, 204 0,000
100,00 -,082 0,000
110,00 -, 026 0, (30
120.00 ~,013 0,000
130,00 -, 011 0.000
140,00 -.007 0. 000
150,00 -, 005 0.000
153.00 -, 001 0.000

INFLOH VO INE

216

.01

- Log0 1,000 1,000
HP=N{0}*B & A 45,776 81,744 42.366

»520

+BI13
372
458

HEAD
il

0.0
b.1
21,5
37.1
7.9
751
77.9
80.8
86.3
B.1
100.4
Baa #
a8.2
18.2
1.6
5.2
!5
0.0
0'0
0.0
0'0
0.0
0’0

DRATNEACK VOLUME =

RUNOFF YBLUME = (.00 MM M2/M/M
AVE. INFLOW RATE = 3,684 L/S
INFLOY TIHE = 50.93 MIN
AVE, SLOPE = -, 00003 M
AVE. TOP WIDTH A = 28.806

AVE. TOP WIDTHB = .587

RVE. WET PERIM Q = 28,547

AVE, WET PERIM B = 600

AVE, SHAPE PROF = 379

AVE, SHAPE DEPTH = ,223

AVE. SHAPE ADVAN = 563

.26

. 069
.032
458

0.0

7.2
32.6
103.2
{05.2
107.8
111.8
116.4
124,8
130.3
103, 4
7.8
46, |
39.8
34,4
29'0
ee, 7
15,2

6,8

¢.Q

0.0

0.0

.oll

077
L0335
‘iss

0,0
26,5
90, %
gEll
94,9
98.6

103,5
112.5
117.6
100.5
47.6
35.3
268. 1
21,9
16.1

2.8

Ef#

0.0

0.0

0.0

0.0

56, 19 ¥M M2/n/H
10,85 MM M2/M/N

20. 0

26, 3% 13.7¢ 21.71 22.50

. 960

+387

. 983

971

67,380 23.140 29.370 25.443

+413

627

290

610

000 £,000 1,000 1,000
67.015 23,044 29,242 25,304

- 520

104
043
438

0.0
94,7
98,0

102,1
107.7
113.3
121.7

110.9
&2.6

.B40

183
. 084
458

0.0
52.0
9a.2
105.0
{11.2
119.5
125,7
120.9

75,8

£0.8

52,4

37. 0
30,5
24,3
18.2
10.6
2.9
B

.B00

263
178
678

0"0
74.2
86,7
94,3

103.6
111.0
115.3
76.7
64,0
55 4
45, 4
36.9
30.0
22, 1
13.#

5.4

0,0

0.0

.623

309
228
£ 733

0.0
Bgt 5
Bl1.6
92.6

104.2
107.5
76.0
63. 1
33,0
42,5
33.8
2b.7
17.7
10.1

3.2

0.0

0.0

126, 0
20, 44

375
15.220
T4

1.000
15.240
.723

302
220
.b62h

0.0
63.4
78.5

100.9

0.0

150,0 180,0
20,00 13,46

. 961

.969

210.9
10,46

.987

STAf2
240.0
0.00

.73

16.856 34.530 21,090 {2,560

<633

+036

. 642

1,000 1,000 1,000
16,856 34,356 21.002

.713

1.000
L715
|

0.0
63.7
78.2
4.1
78.3
B1.7
48.8
39.8
32.8
c4. 3
13.1

7'8

1.5

0.0

0.0

. 548

311
. 260
.837

0.0
67.7
83.3
84.3
68. ¢
03,4
45,2
40,4
30.4
13.6

7.9

elo

0.0

0.0

B3
682

353

027

0,0
68. 4
80.0
61.3
48,6
39,2
35.4
24. 4
12,2

2.3

0.0

0.0

0.0

. 762

1.000
12,642
777

. 981
L 144
. 453

0.0
93.3
75‘5
63.2
53.3
48.6
36, 4
23,3

.7

0.0

0.0

&0
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Table 17.

Water surface profile data for Test Number 116, Table 1,

MAC FURRONW DRAINBACK STUDY NUMBER 116
FURRDW SPRCING

NO. TIME PERIODS

hd. STA
8 17

1.016

STR1 STA2 STAJ STA4 STAS STAG6 STA7 STA B
0.0 120.0

DISTANCE, H 0.0 5.0
ELEVATIONS, WM 0.00 4,42
EEEEETOP HWIDTHEREREEE
) e L9485 980
FTU=ADI*P #+ A 59.156 30,018
£TH & D, HMe R 461 .598
sEFEUETTED PER#E:E3E
A2 L000 1.000
HP=R{Di"B # A 58,896 29,942
WP LD, MHr B .468  .BOB
EeSURF, SHAPE FACT. ¥®

#PROFILE = 203 290
¥)EPTH t 16 L1866
ADVANCE ¢ 370,970

TIME 0 INQOUT HERD
MIN L/5 LS M

0.00 0.000 0,000 Q.0
L06 3,292 0.000 4,7 0.0
.20 3.831 0.000 159 1.2
»67 3,831 0.000 53,6 I7.8
1.85 3.831 0.000 95,6 74,0
9,85 3.863 0,000 1103  91.5
3,25 .84 0.000 1166 98,3
16.25 3,880 0.000 11,4 94,7
20.00-2,663 0.000 65,4 56,7
30.00 -, 805 0,000 50,3 39.4
40,00 - 240 0.000 41,5 9.5
50,00 -, 081 0,000 35.3° 23.5
60,00 -, 033 0,000 26,3 17.1
70.00 - 010 0,000 19,7 11,2
80,0¢ -, 015 0.000 10, 4.2
0. 00 ot 004 01 000 00 0 0; 0
31.20 0.000 0,000 0,0 0,0

10,0
1.59

985
19,732
.671

1. 000
19.714
683

332
.183
+370

2.0 30,0 B0.0
11,69 9.3 10,31

.980 ,972 ,9E5
26,298 32,658 32,496
-804 570 .563

LO00 LOo00 1,000
26,172 32.432 32,314
.Bl6 .58l .574

495 491 L315
.282  ,280 .279
570 .57 L0885

0,0
2.6 0.0
2.5 70.8 0.0
88.8 84,2 65.7
3.6 92,7 B8.4
93.3 60,1 63.5
33,7 41,3 45,6
27.7 234 3.7
20,5 20,4 20.4
2.4 123 11
.1 8.3 2.3
A0 0.0 0,0
.0 0.0 00
.0 00 0.0

INFLOW VOLUME = 30,88 MY M2/N/M
DRAINBACK VOLUME = 10,72 KA Ma/M/
RUNOFF VOLIME = 0,00 HH Ma/d/H
AVE, INFLOW RATE = 3,861 L/S
INFLOH TIKE = 16.25 HIN

AVE., SLOPE = 00003 H/M

AVE. TOP WIDTH B = 26,632

AVE, TOPKIDHB =  ,6i0

AVE. HET PERIM A = 26,433

AVE, WET PERIH B =  .p22

AVE, SHAPE PRDF = 434

RVE. GHAPE DEPTH =  ,240
RVE, SHAPE ADVAN = 559

11,38
966

3. 82
391

11.586 16.970

. 786

.703

1.apd 1000
11.5680 16.962

782

-4
-A67
L8511

6.0
7#0 1
72,0
50.7
36.0
22.3
13.9

6.3

0.0
0'0

L7

037
. 145
;)

0.0
75.3
5.5
40,2
24.6
13.1

5.4

0.0

0.0
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Table 18, Water surface profile data for Test Number 117, Table 1.

MAC FURRCH DRAINBACK STUDY NUMBER 117
N0, STA ND. TIME PERIODS FUHHDHISE‘?g!NB
i2 '

DISTRMCE, M 0.0 s.0 10,0 20.0 30,0 60,0 50,0

ELEVATIDNS, ¥4 35,53 22,43 32.83 26,39 13.70 21,71 22,50
1R HHT0P WIDTHERSx2EE

Re2 L9584 L9R9 982 L9650 987 .91 971

sTH=R{0I*D ®= R 45,332 42.008 42,602 £7.380 23.140 23,370 25, 448

FM D, MM B L513 .56 B0 L413  .BE7  .590  .6IC
e RWETTED PERE#E%%

B2 1,000 1,000 L1000 1,000 1,000 1,000 1,000

sWP=A(D}"B * A 45,776 41,744 42,366 67.016 23,044 23.242 25, 304

#P 4 D, MMe B LE520 0 W58k LOI1 L4200 640 LBO0 LR23
#¥5URF, SHAPE FACT. &

#PROFILE  # .333 .36 198 .28 .2% A8 L435
$DEPTH ¥ .315 .299 ,187 .25 .22 .274 368
AOVANCE  # L9453 ,945 ,945 .945 .945 673 .BAS

TIME @ INB OUT  HEAD
HIN /s L/S ¥4

{,00 0,000 0,000 0.0
.45 3.231 0,000 26,1 0.0
.93 3.353 0.000 346 353 0.0
1,94 3,351 0,040 45,7 33,0 25,0 Q.G
2,98 3,345 0,000 55,4 7.3 463 419 0.0
7.02 3.329 0.000 66,3 88,8 70,0 72,7 76.0 0,0
12,82 3,239 0.000 75.0 97.2 B0.5 860 92.2 6.0 0.0
16.02 3.265 0,000 80,7 1030 87.0 93,8 1006 82.9 6LB
25,32 3,251 0,000 @61 103,0 93.5 100,3 108.4 93,3 7.4
34,42 3.251 0,000 89,4 112,3 94,7 ii0.4 1135 932 BB8.0
43,52 3,251 0.C00 92,9 116,1 1042 113,5 117.2 1045 94.2
52,62 3,251 0.000 95,8 1188 {07.1 i16.,8 (21,0 103.8 100.8
B0, 00 L4965 0.000 44,5 853 747 9.3 9%.7 96.6 945
70,00-1.636 0.000 20,6 49,9 4.7 57.7 £5.8 63.8 B6.5
80,00 -, 527 0,000 13.4 41,0 32,0 46.6 540 SL4 33.5
80,00 - 222 0,000 A6 5.2 253 4.4 449 AL0O 0 420
100,00 - 101 0,000 3,8 30.3 195 31,3 38.6 337 344
110,00 -, 0293 0,000 0.0 244 2.4 246 30.9 243 243
iEOaW ".0i5 01000 040 ie.} 4,5 iﬂ.ﬁ Ehcq 15.5 1545
130,00 -, 010 0,000 0,0 46 0,0 (02 363 S5B6 5.3
t40,00 -, 007 0,000 0,0 0.0 00 41 92 0.0 0.0
155,20 Q.000 ¢.OO0O 0,0 Q.0 0.0 .7 &8 00 0.0

INFLOW VILUME = 45,72 MM H2/M/M
DRAINBACK VOLLME =  B.77 MM M2/M/H
RUNOFF VOLLME = 0.00 MM M2/M/H
AVE. INALOM RATE = 3,267 L/S
IMFLOW TIME = 5687 MIN

AVE, SLOPE = = 00003 H/M
AVE. TOP WIDTH A = 28.806

AVE. TORWIDTH B = 587

RVE. WET PERIM A = 28,547

AVE. WET PERIM B = 60O

AVE, SHAPE PROF = 396

AVE, SMRPE DEPTH = 269

RVE. SHAPE ADVAN =  ,B02
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120.0 150.0
25,44 20,00

970

381

15,220 16.856

714

.659

L0010
15.240 16,856

.739

846
]
.656

0.¢
60.6
P
85,2
31.7
88.9
67.4
53.9
50.8
33.6
22. 4
i3.3

i.b

0.4

2113

. 407
.c42
5%

0.0
55' B
74.5
8l.1
84.5
71.4
5B.7
40.%3
33.90
24.5
7.4

5.7

0.0

0.0

2
STA1 STA2 STA2 STA4 STAS STAGH STA7 STAA STA 9 S5TAI0 STAN

180.0 210.0
13.46 10,46

. 559

37

34.530 21,090

. 536

-b42

L0o00 1,000
34,356 21.002

948

323
216
'65?

0.0
£2.9
76.6
83.4

62. 4
47.0
40.6
30.6
0.6
6.4
0,0
0.0

657

166
17
703

0.0
53.4
b5.3
75.2
99,5
41,2
33.5
22,0

3.3

0.0

0.0

STAL2
240,90
0,00

.31
12,360
762

1,000
12.642

. 548
. 203
803

0.0
78.1
88,2
72‘ 4
53.0
42,7
34,2
23.7

3.9
0.0
0.¢
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Table 19,

KA FURRCW DRAINEACK STUDY MLMPER 118
L ML I'lHE PEHID.IJS FURAGW SPRCING

STAS SIRE6 S5TA7 SIAB SIA 9 STRI0 STAM S5TRIZ STAIZ STRI% SHALS 5TAi6

i6

DISTANCE, W
ELEVATIONS, "

£, 016
STR! STR2 STA 3 S 4

3.0
16,33 T.72 17,36 1B. 04

ERTDD ummnuul

P2 .9
STR=DIDIAD v B 65,324 42.538 38.£59 43,012

D, MMe B

.373

IIIHH'E]TEB FER### 254

TIKE L INOQF
MIN LS s

»
g
E

22,48 1,766 0,000
64.38 1.776 ¢.000
73,68 1,776 0.00¢
gé.ﬁﬂ 3. 776 0.00¢

160.00 -, 016 0.000

1B0,00 =, 008 0.000
150.00 0. ¢ 0,000

{NFLGH YOLRE

ORAINBRCK VILLME =
RINCEF WL LME
RVE, {#FLOM FATE =

INFLOW TIRE
RVE. SLOFE

%0 10.0

36,98
LB18  .E4S

20,0

430
«S14

2 000 L000 LO00 5,000
WP=MD}‘B t 9 45,048 42,310 36, 354 42,745

«378

.278
47
LBl

HERD
MH
0,0

50,0
4.9

L5370 .55
2251 L3

482 .21
B L E4%

59 9.l

= G321 M RN

9.64 MY M2/M/N
0,00 MY M2/M/IN

3,768 L/S

= BLOS NI
2« 00004 H/N
AVE, TOP NIDTH A = 30.597

AVE. T VIITH B =
BYE, WET PEAIN A = 30,233
BVE. HET PERIM B =
AVE. SHAPE PROF =
RVE. SHAPE DEPTH =
RVE, SHYE RV =

+ 385

38 .
AN
«313
.82

524

+249
.150

L

0.0
2L 17

*

1000

3347

.

313
1]
)

0.0
18.28

.

1,000

Water surface profile data for Test Number 118, Table 1.

30.0
15,54

.00

24,320 23,782

.B53

.i72
+243
1,330

646

526
I
538

120,00 §50.0 180.0 210.0 240,0 270.0 300.0 -330.0 1540
1LBE 644 203 989 123 297 5.2 414 0,00

4395 .978 .94 L48F .95 %0 L9717 953 .93

956 L9532 789 i
. B:B 24, 366 23, E.'_!‘EJ; 16,850 33,538 £3.070 31,509 23,182 44,474 37,382 30.5i6 6,372

S0 L0689 .587 LEM4 LG5 498 L5353 .a%a

LOM 1,000 £.000 1,000 1,000 £.000 L.0O00 1000 1.000
[6.832 33,220 19.018 13,392 21.076 44,216 37,114 30.350 6.572
<NB L0 &S LBMD  LES3 .07 LSR3 L533 L4890

L5 437 B33 LE77 LEES L7133 L189 .0 0,000
210 L3193 480 L33 LB 3T L137  .G4B LGB
630 748,753 (585 619 ,508 .72 .689 0,000

0.Q

E46 0.0

3 eni 0.0

4%.1 B0 S55 Q.0

g8 937 8h4 RS 0O

053 106 %.9 8i.) G5 0.0

£0.0 34,2 067 9.3 913 0.6 0.0
13,5 145 (1.5 1054 9.5 MG 61,4 .
1134 17,6 3.9 [10.§ 1057+ 92,7 74,3

97.5 1054 06§ 10B.2 105.8 952 84!
To.d 849 8.2 4L7 W5 g1 BA.

ABHASs

6.1 Ta.% 764 809 BS,5 7.3 Tu.6 0.2
5.0 630 B61 705 46 615 65 £,z TL9
3.7 530 6.0 604 BALB 58,2 %68 &

33.5 46 ALT 458 0.0 4L9 359 10, 43,2
243 L7 &1 16 350 260 6.6 L 20.9
.7 21 131 190 133 0.2 oe o, 0.0
”“—3,' e 7% 9.4 L0 2.8 . 0, 0,0

¢

m

000 T LI N I -
¥
ny

0
68 00 2t 39 a0 Q
0.0 B0 00 G0 00 0

oo
L5
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‘ Table 20, Water surface profile data for Test Number 119, Table 1,

MAC FURROW CRRINBACK STUDY MUMBER 113
N0. 5TR NO. TIME PERIODS  FLURRDW SPRCING
) 13 1018
STRt STR2 SIR 3 S5TRA4 STAS STRBE STR7 SR8
DISTANCE, M 0.0 5.0 10,0 20,0 30,0 60.0 90,0 120,0
ELEVATIONS, MY 22.17 21,84 18,02 24,13 024,76 12.30 2%.22 Q.00
BHET(p YIDTHREEEEES
R2 977 .945 .83l ,987 .93 .945 ,927 ,99%
¥TW=A{D)~B ¢ A 57.713 52.9056 13.292 24.234 21,314 16,846 25,336 8,550
sTH A D, ¥Me B 471 492 ,B32 .67 .BBS L,7i9 .B35 .89
HEERRUETTED PER#FEEER
g2 5000 1000 L.000 1,000 L.QO0 1,000 1.000 1,000
HpAp)~B # A 57,398 51,816 19,288 24,282 21,316 16,880 25.898 6,768
P kD, MiE B 478 .499 .703 .679 .63 .T30 LBH4 LS00
HSURF, SHARE FACT. #% ‘
SPROFILE & L1680 165 L1733 .16 L165  ,291 287 315
*LEPTH * 210 217 227 211 Laly .23% 132 L304
FADVANCE & 312 L312 1L.312 L.312 1.312 .769 .G66B .BWD

TIME G INGOUT HEAD
HIN /5 L/ N

0,00 0.000 0.000 0.0
1,89 3,137 &,000 32,56 00
2.87 3,151 0,000 79,9 S1.2 0.0

J.43 3,151 0,000 943 7.0 7.l 0.0
7,33 3,145 0,000 33,9 85,4 82,6 536 0.0
17,87 3.122 0.000 10%.7 971 95.4 869 88,3 0.0
30,27 3,101 0,000 115.5 1040 1029 9.4 100.2 @L.2 0.0
F 46,57 3.101 0.000 85,7 113.2 1id.2 06,2 110.3 10.4 78.6 0.0
b 50.00 119 0.000 64,2 80,7 @&6.6 83,4 97.2 9.1 80,4 B33
60, 00-1, 158 0.000 16.2 34,9 40.0 448 44,5 60.3 552 746
70,00 - 119 0,000 7.7 21,1 2.7 26,3 251 3B.0 3l.2 48,0
80.0¢ ~0f4 0.000 0,0 30 7.4 89 A 88 129 248
30.00 ~0050,000 0.0 00 0.0 0.0 0.0 A4 0.0 0.0
90,60 0,000 0,000 0.0 0O 0,0 0O 00 00 0,0 Q0

INFLOH VOLLME = 74,39 MM M2/M/M
DRAINBACK VOLLME = 9,24 MM H2/M/H
RUNDFF VOLUNE = 0,00 ¥H Ha/M/N
AVE, INFLDW RATE = 3. 1121/8
INFLOW TIME = 48,57 HIN -
AVE. SLOPE =~ 000814 HIM
AVE. TOP WIDTH A = 24,674

AVE, TOP WIDTH B = ,E52

RVE. WET PERIM A = 24,573

AVE, HET PERIM B =  ,ER2

RVE. SHAPE PROF =  ,200

AVE, SHAPE EPTH =  .225
AVE. SHOPE ADVAN = 951
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Table 21. Water surface profile data for Test Number 120, Table 1, ‘

HAC FURRDM DRAINBACK STUDY MMRER 120
NO, STA NQ. TIMC PERIODS FUARDYW SPACING
e 20 1,016
STARY STA2 STAJ STR4 STRS STAG STA7 STAS STA 9 STAIL STRI1 STAL?
DISTANEE, 0 5.0 (0.0 20,0 30.0 60,0 90.0 120.0 1850.0 80,0 210.0 240.0
ELEVATIONS, M4 12,65 18.B0 15.70 13,27 21.3% 26.38 20.50 26,03 15,25 14.37 15.63 0.00
HAHTOP HIDTHRRELEFE
R .33 .984 .925 ,935 .9 ,987 .376 .98 ,945 ,994 .994 965
HH=A{0)"B ¢ A 55,624 13.08Q 47,280 15,594 094 25,702 11,276 15,572 38,988 10,205 10,338 11,046
#TH 4D, MMe B 4B 754 ,491 724 f,600 619 .783 .GB& .Si5 .795 .pOY 742
HENETTED PEREERELE
B2 1,000 5000 LOGO L0O0 L0000 1,000 1000 L1000 1,000 1,000 1,000 1.000
=R{D}R + A T3.340 13,172 47.020 15,636 1,960 25.612 11.396 16.560 38,790 10,344 10,483 11, 172
HB L0 MMr B 475 777 L5000 .73 1.022 .630 ,79B .700 LS55 LB{1  .816 .797
#SURF, SHAPE FRACT. ®#

HAFILE .379 ,505 .69 ,527 .S97 .67 .99 .69 ,G6B7 36! .2B6 .SIS
HEPTH 3 141,188 .24 L1368 208 .42 562 .3B3 423,212 ,223 804
HOVANCE  + 313 .31 .33 L33 0,31 .78 .566 .55 G624 ,SA7 .780 619

TIME @ IN G OUT  HERD
HIN L/ LIS m

0.00 0,000 0.000 0,0
06 2,587 0,000 LB 0.0
.33 3,003 0,000 11,9 10,5 G0
3,78 3.003 0.00 82,0 7.2 721 0.0
3.68 3,000 0,000 86,7 82,2 80.5 636 0.0
14.48 2,931 0.000 102,5 100,4 1024 93.9 08.9 0.0
23,08 2,975 0.000 111,0 l0%.1 {11! 103,7 9539.3 72.8 0.0 '
41,68 2,960 0,000 {17,5 1158 1186 12,8 {10.5 9I.1 a1l 0.0
62,18 2,981 0,000 123.1 121,4 1243 118,0 1154 105,7 101,5 78.6 0.0
83.28 2,991 0.000 1256 124,1 127.1 {120,9 118,7 108,2 104,3 B6.3 75.4 Q.0
108,26 2,958 0,000 130.1 f28.1 13(.0 123,8 1230 106,2 102.8 B6.6 841 658 0,0
128.50 2,954 0,000 132,8 (31,0 1310 118.2 1155 103.1 103 859 847 8.9 49.3 0.0
130,00 2,954 0,000 133,2 1321 131.0 118.1 1147 102.4 4357 B850 84,3 68,2 48.8 10,0
140,00 2,954 0,000 116,5 114.4 122.8 117.0 109,3 56.2 93,0 B83.2 822 67.5 0.8 30,0
150.00-2,170 0,000 25,8 37,5 49.0 53.0 5B,4 63,0 63.3 636 7.8 648 S53.5 30.0
160.00 -.811 0,000 0.0 20.6 30.2 30.5 34,3 356 4.5 33 4%.4 44,4 381 30,0
170.0¢ - 198 0,000 0.0 8,8 182 17,0 19,2 8,7 @231 168 265 =220 161 13.4
180,00 -, 106 0,000 0.0 0.0 51 B85 {01 S7 91 0.0 6.3 3.1 0.0 0,0
190.00 ~.120 0,000 0,0 GO G0 00 00 00 Q0 G0 00 00 00 0.0 -
132,00 - 068 0,000 00 00 00 0.0 00 60 0O 0¢ 00 00 0.0 0,0

INFLOW VDLUME = 103,56 MM M2/M/H
DRAINBACK VOLUME = 9,72 ¥iM M2/M/H
RUNGFF VOLUME = 0,00 MM B2/H/M
RVE. INFLOW RRTE = 2,970 L/S
INFLOW TIME = 141,68 MIN

AVE., SLOPE = - (0004 W/
AVE. TOP WIDTH A = 17,131 -
AVE. TOP WIDTH B = ,R86

RVE, HET PERIN A = 17,833

AVE. WET PERIM B = G52

AVE. SHAPE PROF =  ,572

AVE. SHAPE DEPTH = . 340

RVE. SHAPE ADVAN = 526

B o
| \.

Annual Report of the U.S. Water Conservation Laboratory



195

‘ Table 22. Water surface profile data for Test Number 121, Table 1.

MAC FURROY DRAIHEACH STUDY MPER §21
IIJhSTFI . T]J‘E PERSEDS FURRL‘H EPRCING

1. 056
ETR ! 5TA2 51A 1 STﬂ 4 5145 STA 6 STAT STA 3 EIA 9 STAL0 5TALY STAI2 STALY STAL4
DISTREE, W L0 B0 0.0 20 300 E0.0 90.0 120.0 1%0,0 (80,0 310.0 240,0 2T0.0 3M0.0
ELEVATICNS, ' 18,95 24,03 27,43 24,08 3255 2R.43 2583 J7,05 22,35 24.B6 18.05 0,00 9,44 LTS
0P WIDTHeerR24
B2 .370 .33 ,979 B 976 586 B34 .9l 939 .76 .3AY .959 .978 .932
¢THAIME ¢ A A5.974 60,584 BJ.EOB 51,348 20,162 4.030 87,674 10,528 @32 87,014 12,286 53,028 20,556 13,6806
€W § 0, MHe B 5T LAST  LB23 450 LE7A L9832 L593 L7192 1,276 .3TA .77 L76F LBAS L340
¥HWETTED PEﬂnuu
L0060 L000: LOOD 1,000 £,000 L.000 5,000 5000 1000 LOOD L 000 5,000 1.000 §.000
HP=ADI*R » R 46,774 £0,233 23,052 51,729 20,166 4,435 27,500 11,050 2.083 86,435 13,340 12,106 20,498 11,858
W2 aD, Pa B LS16 LATA (B4 LA37 LBA3 L9M0 LBI0 B0 .07 331 LFER L7768 .678 .IIS

SPROFILE ¢ «£36  LIB)  LIM L137 L1288 (216 LEH L8020 224 535 L343 676 L8ER 0000
#DERTH * 277152 13 L1280 Li19 L1800 L2Sh L34 L1A0 L1980 175 L3350 LRTT L 387
HIOVRHEE ¢ L34 8% 33 .9 L33 .885 LBE3  L600 LB35 L3I .E00  L%E3 .32 0,000

THE 0 IHOCGUT HERD
MM LSS L5 M

0,00 0,000 0,000 0.0

20f 1,033 0,000 £3.4 0,0

4,21 3.032 .00 742 63,4 0,0

7,20 1.053 .00 9.3 BLA 845 Q.
14,50 3,052 0.000 103,6 10B.2 §05.7 5i.
20,30 3,058 0,000 115,2 14,2 1§12 BA,
32,10 1,040 0.0 20,6 119.6 1}6.6 9%
.80 3,023 0,000 23,8 22,2 119,§ 93
5,00 1,005 0,000 1256 J25.8 {8L2 WLG6 9.2 {11 91 7RI 0
B7.00 3.003 0,000 123.8 J28.7 1261 (07.7 9.2 (IO 1055 @35 B4
131,00 3,003 0,000 5318 13{.0 1388 10,3 10,3 1244 M4 TRE 9
171,00 3,001 0.000 13N6 12,0 130.5 12,0 1088 1255 1157 o2 9 8.5 0.1 0.0

210,30 3.003 0,000 §3{.8 13L5 123.0 110,8 02,1 1246 Il46 OLO 0L 653 60.3 56.1 0.0
29570 3003 0,000 J34.4 1109 1303 106.6 §08.4 1302 {20.8 §0Z.2 2t 946 B0 BXLZ2 75 0.0
300.00-1,506 0,000 23,1 0.6 61,6 7.4 72,0 062 1028 98.0 046 0.3 606 Bl.6 M. 5.9

0
H
T 8 00
0
]

310.00 - 969 0,000 &6 105 .0 8.9 A%t aL0 769 .0 BLI 722 T0.4 70.B 68.3 £5.9
320,00 -.238 0,006 0,0 3,2 M6 2L9 353 65) 610 S53.B 619 5.2 513 534 555 5.4
320.00 -,041 0,000 0.0 138 250 22 255 5.8 ALY 3.2 M0 21 3L 3.2 M6 an2
10,00 -,012 0,000 0.0 T4 6 0,0 70 A7 LS /B BLE A0 BN B0 0.4 4.4
3000 -, 003 0,000 0.0 J 4 60 91 308 2AL B4 &5 00 00 00 00 0.0
360,00 ~007 0,000 00 0,0 0.0 Q.0 .8 1.2 .7 20 o0 00 Q0 00 0.0 00
36300 0,000 0.000 0.0 00 00 0O 0.¢ (59 B2 0 00 00 00 0.0 00 00

IWLOW VILIEE = 74,25 M4 B2/N/H
DRAINBACK VILLE = 6,45 MH H2IWH
RNGFF VOLLEE = 0,00 ¥ MasH
RVE. IWFLGY RATE = 1,007 L/S
INFLDY TIRE = 234,20 MIH
. SLIFE = - D007 HIN -
BVE. TOP WIDTH A = 21,330 '
RVE, TP NIDTH B = G5}
AVE. BET PERIM A = 21,914
fVE. WET FERIM B = ,EGO
RVE. SHAPE PROF = 333
RYE. SHPE [EPTH = 247
AYE. SHAPE ADVRN = 842
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Table 23.

Water surface profile data for Test Number 122, Table 1.

MAC FURRDW DRAINBACK STUDY NUMPER j22
M, BSTﬂ NG, TmfaF'ERIGBS FURRBHﬁg?EING

S 1 STA2 5TA3 SIA4 STAS BTRE STR7 STA 8

DISTANCE, M 0,0 50 0.0 200 0.0

ELEVATIONS, #M 22,17 21,84 18,00 24,13 23,78
HEEEETIR HIDTHERRERSE

R ,977 L3945 .85% ,587 .93

fTY=A{D}B # R $7,712 52,056 19,292 24,294 21.314

#TH & D, ¥¥e B A7V 492 692 .M .BBS
FHVETTED PERESRE3E

B2 L0000 L00D 5,000 1,000 L.000

#P=A0*B ¢ A 57,338 S1.818 13.788 24,282 21,316

P LD MMe B &78 L4393 W01 679 L5535
®¥GURF, SHAPE FRCT. 1

sPHOFILE 488 243 280 232 L34
#DEPTH ¥ 187 .23 .208 .20 .p98
HIDVANCE  * L3958 958,988 98B ,948

TIE B INQOUT  HEAD
MIH L8 L5 W

0,00 0.000 0,000 0.0 .
a2 29D AN 154 0.0
1.08 3,003 0,000 40,3 30.4 0,0
2.27 3.003 0.000 749 594 5.9 0.0
3,44 3,005 0,000 80.8 66.8 636 2400 0.0
9,07 3,028 0.000 96,0 639 82,3 7.3 64LE
15,47 3,070 0.000 103.2 92,3 9.2 848 78.4
23,37 3,119 0,000 94,8 925 9L4 9.5 B86.4
30,00-1.662 0,000 23,8 37,6 446 50,3 SLE
40,00 - 47 0,000 10,1 25,2 324 346 357
30,00 - 452 0,000 7.8 20.6 25.0 26,3 2aLg
60,00 -, 052 0,000 5,4 17,6 198 20,3 20,8
70:00 - 014 01990 G0 1.8 13.4 13 12.0
BOLOO - 007 0,000 0.0 40 6.3 52 47
90,00 ~.005 0,800 0.0 0.0 90 40 &0
100,00 -,006 0,000 0.0 0.0 0.0 0.0 00
11(‘.00 ';003 0-&0 0.0 6.0 0.0 0.0 0-0
HOA0 - 002 0,000 0,0 GO 00 0O 0.0

INFLOW VOLIME = 36,34 MM M2/M/M
DRAINBACK VOLLME = 10,00 M MR/M/H
BUNDFF VOLUKE = 0,00 MM M2/M/M
AVE, INFLOW RATE = 3,088 L/S
INFLOY TIME = 24,07 MIN

RVE. SLOPE = - (014 WM

AVE, TOP WIDTH A = 24,874
AVE, TGP HIDTH B = 652
AVE, YET PERIN B = 24,573
RVE, WET PERIH B =  ,E62
AVE, SHAPE PROF =  ,236
AVE. SHAFE DEPTH = 233
AVE. SHAPE ADVAN = .830

60,0

36, 0

12,30 2%.22

<43

L3527

16,846 25,956

L113

635

f.aoe 1,000
£6,880 25,838
730

262
199
759

0.0
.2
89,7
63,3
5L
42,9

26.8
19,9
1.8
3.0
0.0
0'0

Bh4

323
<203
.B97

0.0
88.7
66.6
48,0
3.0

2.7
14.4
7.3

0.0
&0

120.0
.00

- 354
8,550
JA92

1. 000
8,768
300

» 402
.235
BO0
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Table 24. Water surface profile data for Test Number 123, Table 1.

&

- MAC FURROH DSAINBACK STUDY NMUMBER 123

N0, STA MO, TIHE3PER!EID5 FURRDHISE?EENB
i2 2 v
BTA1 5TARe STA3 STA 4 S5TRS STA 6 STA7 STA 8 STA 9 STAIQ STAll STAL2
DISTANCE, M 0.0 50 (0,0 20,0 30,0 G600 90.0 20,0 (50.0 180.0 210.0 240,0
ELEVATICHS, MM 12,65 1B.80 13,70 19,27 21.3% 26.38 20.50 26.09 15,25 14.37 15.63 0.00
FEERETOP YIDTHRERERER
Re2 .955 .98% ,935 .99 .911 .987 ,976 .988 %5 ,994 .934 ,.9B5
$TH=R4NI*D & A 95.624 13.088 47,280 15,534 ,094 25.702 11,376 16.572 36,988 10,206 10,338 11.045
¥TH 8 0, MM B LB .7B4  .491 .74 1,60 .BI9 ,783 .e6B4 ,S515 .735 .80l ,782
FERRUETTED FEREREEEE
R*2 1,000 1,000 (000 1,000 £.000 1000 1,000 1.000 1.000 .1.000 1,000 1.000
sP=A{D}*A * A 55.340 13.172 47.020 15.636 §.960 25.612 11.336 16.560 38.730 10,344 10,482 11.172
#HP L D, MMx B ATS LTI LS00 738 LG22 L6300 .78 .T00 LEES 0 .B1Y L8R 797
FESURF, SHAPE FACT. %
PROFILE & .593 1.00¢ .59 ,4B2 ,423 .218 .37 .378 .330 ,B95 .551 1000
*DEPTH ¥ 231 .,557 .23f .188 .1R5 .207 .277 .291 317 .46 .323 .1B4
HADVANCE * L3900 .30 3% 330 L3930 947 739 .76B .11 BRI .DA7 .134
TINE O IN G QUT HEAD
MIN L/S LIS MY
0.00 0,000 0,000 0.0
.05 2,497 Q, 000 1.9 0.0
L2 2,954 0,000 14,5 11,3 0.0
2.45 2,954 0,000 gB.0 60,7 53,9 0
3.67 2,954 0,000 772 7.0 731 59,7 Q0.0
9.17 2.954 0,000 91,7 90.2 952.7 MA50 8.6 0.0
; 14,07 2,954 0,000 98,9 497.2 100.4 93.4 90,8 GB6.5 Q.0
20,77 2,954 0,000 04,5 103,59 107.0 1002 94,6 79.8 68,2 0.0
~' 27,77 2,954 0,000 i08.7 198.7 1iii,1 {041 03,7 @&7.7 B1.9 &l.4 0.0
24,77 2,964 0.000 1117 1810 $14.,3 107.9 107.1 92,6 6&B.4 GB9.4 D9.9 0.0
43,87 2.933 0,000 §14.7 1140 1i7.5 (11,1 103,7 97.3 2.0 78.0 76.3 G5h.2 0.0
€5, 07 3,029 0,000 107.2 10,0 114,7 1i13.0 1ii.4 1f0i,1 99,5 B49 B65 72,8 G549 Q.0
£0,00-1,971 0,000 43,3 54,3 671 735 80,9 82,4 83,4 81,1 871 7.8 BA.B BO.G
70,00-1.239 0,000 15,0 32.5 42.7 43.9 48,1 52,7 el.,2 58,7 72,8 70,8 667 £9,2
80,00 -, 334 0,000 6.0 27,0 3k.0 350 38.0 48,6 50,2 47.9 6&0.9 088 D41 G723
890,00 -, 143 0,000 0.0 23,6 3M.2 28,7 30,8 328 41,8 38,0 51.0 48,3 43,4 45,2
104,00 -, 060 0,00 0,0 18,7 26,3 23.1 24,5 248 328 29,4 431 40.5 359 37.b6
110,00 -, 019 0,000 Q.0 8,9 18! 173 18,1 166 24,1 21,2 310 3.4 265 ©2B.5
120,00 =007 0,000 0,0 0.0 8.2 1.7 136 7.4 153 1.1 2.0 20.3 14,9 15.0
120,00 -, 004 0,000 0,0 0,0 0,0 7.2 9,3 0.0 7.8 30 26 1.7 2.3 2.8
140,00 -.002 0, 000 0,0 0.0 0.0 1.5 4,7 0.0 0.0 0.0 1.4 N Q.0 0,0
150,00 =002 0,000 0.0 0.0 0.0 0.0 00 0.0 0.0 0.0 0.0 0.0 0.0 .0
150,80 0.000 0.000 0.0 0.0 0,0 0.0 0.0 0.0 60 Q0 0.0 0.0 0.0 0,0

INFLOW VILUME = 41,46 KM MaJH/M
DRATNBACK VOLUME = 7.97 MM M2/M/M
RUNDFF VIRIME = Q.00 MM M2/N/H
AVE, IMFLOW RATE = 2,978 L/S
INFLEY TIHE = 95.57 MIN

AVE. SLOPE = -, 00004 M/

AVE, TOP HIBTH A = 17,131

AVE, TOP WIDTH B=  .E86

PVE, WET PERIN A = 17.B93

AVE. WET PERIM B = 692

AVE. SHRPE PROF =  .518

AVE, SHAPE DEPTH = . 286

AVE, SHAPE ADVAN =  .0585
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Table 25. Water surface profile data for Test Number 124, Table 1.

PAC FURRDM DAAINBACK STUDY WLMGER 124
mhsm . TIP’:E FERIODS Flﬂ?ﬁm SPACING

1,016
STFI} 57A2 STA3 STA4 STAS STAE STAT STAB STA 9 SIAKD STAL) SIAL2 S5TAIT STAIA
DISTRHCE, M 0.0 50 0.0 20,0 30,0 6.0 S0.0 120.0 (50,0 80,0 210,0 240,0 270.0 300.0
ELEVATIMNS, KM 18,95 24.09 27,43 J5.02 3%.55 2641 25,83 J7.06 22,38 20.B8 48,05 (.00 9.44 I.75

T WIDTHeE#402

ins L9700 L9583 ,979 LB L9TB L6980 %70 .99 .TA %87 .99 96 .GA2
TH=AINIB ¢ A 46,974 50,544 23,208 51.743 20, &2 4 \).:0 27 E74 10,923 852 87,Q§4 13.236 312.028 20,366 11506
*TH & D, Ml B LT LA6T LB33 A% LEW L5R2 LEDA LTI OLATE L3374 W TAT O LTBE LBBS L7400

HHHETTED PER#+3H#
R2 4000 1,000 LOO0 1.000 LCOO f,000 E.O00 £.000 £, 000 1000 1,000 1000 1,000 £.000
lH'P-ﬂtIJl“B + A 4B, 774 B0.234 23,092 51.728 20,156 4,476 27,500 1,050 2,038 Eﬁ.luﬁ £3.350 12,105 20,498 {LB5%
D, ¥ds B WS16 LATA LBA2 97 BRI LST0 LEI0 LBOS 4,079 .38t L7E2 7R BN LTSS

sesUoF, sk FACT. 3%

HAOFILE 5 28 L021 017 042 QT LE0D L2378 LAT] 275 A L1380 L4293 A7 LiB3
*DEPTH 1] [k DS V-~ B 1 o BT/ SN[ R ) K S| IO } - IO . S 11 T TT S |1 | S
HWVANCE ¢ 9% 591 5,912 L9 5.5.:‘. (B3 922 LeJ5  LEAT LAX3 2.5m  .502  LE07 L7123

TIME P INDOUT HERD
HIR LS LB ™

—

0,00 ¢.000 0,000 0,0

2.95 2,043 0,000 E42 0,0

3.33 3,082 0,000 EBA BLY 0.0

140 3,053 0.000 633 L7 ES.6 00

4,00 3051 0,000 76,8 To4 72,7 15 0.0

2,00 .08 0,000 9.9 97.3 .6 TLS 530 00

14,20 3,067 0,000 {087 $03,5 1013 8L5 639 7.4 0.0

19,40 1.076 0,000 JO07.6 107.4 I04.3 85.6 758 B9.] 63,7 0.0

27.00 1,088 0,000 H2,7 {iL.7 10S.4 W9 B8LY jo0.3 865 69 0.0

3520 2034 0,000 115.37 £04.9 12,7 W,T BLY J07.7 9.5 7T 165 0.0

20,01 1.049 0,000 1187 }17.9 §15.9 93,3 .3 14,8 1036 &%! G4 63,0 0,0

33.00 3,04t 0,000 1134 §1B.4 {166 99.3 9f,7 {40 1046 90,4 3812 7L 2.3 Ko

67,00 2,375 0,000 122,1 13).1 123 1021 9,7 HLS 1030 957 1008 633 B8A.9 9L3 0.0

12.70 2,954 0,000 1259 122,6 j2LS (6.8 972 2).2 A6 100.3 ICR6 90O 93 HEEZ TL3 0.0
80.00 2,934 0,000 [25,2 J22.6 121.B 1056 9.3 20,7 1127 100.3 WE.5 0.2 9L5 105.3 7.7 6.7
90, 00-2,033 0,000 L8 37,7 ATB .6 TAT BT 8T, 8l. 94,7 860 98.% [if.f A859 @S¢
100.00 ~,857 0.600 9.6 26,6 357 JLS M. 70,9 6B.B 64 7.9 0.8 88.8 1068 82,2 90.4
110,00 - 316 0.000 0.0 2,4 0.0 XW.6 103 Bl1 S8 SLO E50 56 TL§ 9.4 w3 79.3
120,00 -, 124 0,000 0.0 {70 255 288 5.0 543 5.1 M7 5.6 0.2 &84 863 BAT 70.B
§30,00 0% 0,000 0.0 (2.4 2.9 24.0 (8.9 475 435 168 48.9 40,9 5.3 153 SLA 58,7
140,00 -.011 0,000 0,0 .5 51 7.6 o A0 367 7 4LLB 35 S0.9 647 S0 5.7
0,00 -,007 0,000 0¢ 28 683 09 65 37 302 A7 %0 2L0 395 53,4 4.0 AL3
160,00 - 005 ¢.000 ¢0 0,0 4.6 L8 00 260 2,7 (52 &4 13 2.2 42,9 20,8 262
170,00 =003 0.000 0,0 0.0 0.0 0.0 00 9.2 42 &4 §53 o 16§ 22 1%.9 128
180.00 -, 004 0,000 0.0 0,0 Q.0 .0 0.0 L3 Ea .4 3 00 {39 2.5 1 4.0
§20.00 0,000 0,000 00 ©0 OO0 0O 00 AE 00 0O 0,0 0O 15 IS5 40 W0
150,20 0,000 0,00 0.0 00 00 00 00 44 00 00 00 00 T4 IS4 0.0 0.0

IFLOH VILIBE = 4B, 89 X R2/NIN -
DRAJNEACK VOLIME = 7,97 1Y K2/H/M

AMOFF VOLLKE = 0,00 &4 Ro/WH

AVE, INFLOM RATE = 3,023 L/S

INFLCH TINE = B2,00 WIN

fVE, SLIFE & 00007 MM

AVE. TOP HIDTH A = 25,550
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‘ Table 26, Water surface profile data for Test Number 123, Table 1.

MAC FURROW DRAINBACK STUDY MUMEER 125
ND. S7A KO, TIWE PERIDDS  FURRDY SPACING
8 ] 1.0i6
STA1 STA2 STR3 STR4 STRS ST & STA7 STR B
DISTANCE, M 0.0 S.¢ 10,0 20,0 30,0 BOO 90.0 120.0
ELEVATIONS, MM 22.17 2L.84 IB.¢2 2413 2476 12,30 2L 0.0
EEEEETDR HIDTHE#EEEEE
Re2 977 945 .B51  .987 .93 ,98% 927 .99
#TH=R403~B * R 57.712 52,006 19.292 24,234 21,314 16.846 25,956 8,550
#TW & D, Mie B A7 .492 .92 671 .BAS .79 G35 .4%2
e HIETTED PERSEEERE
g2 1000 1.000 L.Q00 1,000 1,000 1,000 1000 1000
WP=R(D)"R £ B 57,398 51,818 19,288 24,282 21,316 16.880 25.0898 B8.768
P L D, MMe B 478 493,703 LB79  .B94 730 .BAA L9000
H5URF, SHAPE FRCT, &2

*PROFILE  * 335 .486 .53 1.000 .580 .6BE L9365 473
#DEPTH ¥ LA76 .217 L2334 486 .23 4% .01 113
HIDVANCE & A58 J0A6 LAA6 AAB A6 LTAZ B33 LEBTS

TIME O INOCUFT HERD
MIH L/sS /s M

0,00 0.000 0,000 0,0
.07 2,642 0,000 2,3 @0
.33 3,003 0,000 11,1 848 0.0
f.0b 3,003 0.000 52,7 48,8 37.9 0.0
3.87 3.012 0,000 B1.¢ 68,4 65.2 46,6 0.0
8,38 3.033 0,000 92,3 80.7 79.5 7.2 80,8 OO
14,48 3,052 0,000 98,9 88.1 B87.4 BLO A4 T0.0 0.0
; 22,38 3.052 0,000 93,9 9.9 9.4 BR.2 833 861 HA2 0.0
~ 30,00-1.519 6,000 24,9 33.1 4l.2 437 471 631 60.4 B80S
40.00 - 469 0,000 5.6 22,3 293 3.3 3L5 46,0 4L7 60,8
50,00 -, 148 0,000 11,2 17,5 @31 223 a7 356 30.7 493
6G.00 - 043 0,000 7.2 13,1 16,0 14,9 146 278 230 4143
70,00 ~,011 0,000 0.0 5.4 8,4 64 7.4 18,8 159 307
80,00 -, 007 0.000 0.0 0 6 LS L4 faf &8 19.5
87,00 0,000 .OD0O 0,0 0,0 0.0 0,0 0.0 o4 A a7

INFLOW VOLUME = 35,58 MM M2/M/M
DRATNBACK VOLUME = 9,80 ¥M M2/M/M
AUNGFF VOLUME = 0,00 MM Ma/MIN
AVE, INFLOM RATE = 3,040 L/S -
INFLOW TIKE = 23,78 MIN

AVE, SLOPE = -, 00014 M/M

AVE. TOP HIDTH B = 24,674

RVE. TOP WIDTH B =  ,652

AVE., HET PERIM R = 24,573

AVE, WET PERIN B =  .BR2

AVE., SHAPE PRBF =  ,660

RVE. SHAPE DEPTH =  .320
AVE. SHAPE ADVAN = 340 -
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Table 27.

HAC FURROW DRAINBACK STUDY KUMBER 126
FURRDY SPACING

ND, ST
i2

DISTANCE, M
ELEVATIONS, MM

2f

ND. TIKE PERIODS

1,046

STAf STA2 STA3 STA &

0.0

2.0

10,0

12,65 18.80 15,70

FeEERTOE WIDTHEREEz 22

R
HH-AIDIAB & A
#TH & D, WM& R

. 955
5. 624
- 468

$EEL8)ETTED PEREREEZR

HA
HP=A(DI*B ¢ A
8§D, W& B

1,000
35, 350
473

E25URF, SHAPE FACT. &

HROFILE ¢
£DEPTH ¥
EADVANCE &

TINE @ IN @ OUT
HIN L/s L/5

0.00 0,000 0,000
.07 2.701 0,000
.31 3,052 0,000

2,05 3.052 0,000

3.04 3,052 0,000

10.65 3.052 0,000
11.35 3.052 0,000
20, 45 3,052 0,000
28.33 3,035 0,000
37.75 3,084 0,000
44,45 3,101 0,000
53,85 3.101 0.000
60100"10452 0.000
70,00~-1.349 0,000
80,00 -.403 0,000
90. 00 . 178 0. 000
.E(}U.OO -00"5'5 0:000
10,04 -.019 0,000
120,00 -~ 010 0,000
130,00 -, 007 0,000
128,00 0,000 0,000

INFLOW VOLLME = 41,86 ¥M Ho/M/M
DRAINBACK VILUME = 8,35 MM M2/M/N
RUNGFF VOLUME = (.00 pof HI/M/M
AVE. INFLOW RATE = 3,073 L/S
INFLOW TIHE = 35.35 HIN

AVE, SLOPE = -, 00005 M/M

AVE, TOP HIDTHA = 17,131

AVE. TOPHIDTHR = ,EB6

AVE. HET PERIH A = 17,892

AVE. MEFPERIN B = 692

AVE, SHAPE PROF = 501

AVE, SHAPE DEPTH = 234

AVE. SHRPE ADVAN = ,B0I

432
|
473

HEAD
¥

0.0
2.4
10.4
60.6
65'3
89.8
910
102,56
10a.7
{13.6
115‘2
117.8
43,3
18.4
10.0
44
0,0
0.0
6.0
0.0
0.0

. 984

.925

20.0
19,27

.33

13.088 47,280 15,59

-]
1. 000

491
1. 000

13.172 47,020

»

»J4b
262
473

0.0
%.2
55' ?
61.7
88.9
90,5
100,19
107.3
112.5
114.4
116.0
53.3
3.7
28.0
£23.9
20.1
14,1
3'5
0.0
0,0

o

.523
233
A79

0.0
757
61,3
96.2
94,3
{10.9
{16.9
121,83
122.3
114, 3
72,5
8.7
3’6‘#
3.4
6. 8
20,9
10.9

2.4

0.0

. 724

1. 000
15,626
l738

.0l5
247
473

00
21.4
83.2
84,9

104,7
113,0
118.9
118.8
110.0
73.6
42.3
3’4.2
28,3
23.1
18,5
1.7

7.7

el#

STA ©
30,0
21, 34

911

STRE6 STRA7 STAB STA 9 STAI0
150,06 180,0
15,85 14,37

£0.0
26,38

. 987

.034 25,702

1,600
1, 000

613
1. Q0o

1.960 25,612

l.oz2

083
273
479

0.0
B3.1
85.1

103.7
10,2
116.2
118.7
1113
75,8
46,5
373

30,1

24,2
9.1
13.1
8.6
3.0

.630

023
.161
6. 369

0.0
50.9
76.2
83.5
33.3
36.4
99.3
80.1
50.8
40.2
3.9
24,1
15.8

0.0
0‘0

30.0
20, 50

376
11.278
. 783

1. 000
11.334
. 738

llm
.51l
489

.0
Ba'#
80,0
90, 4
83.7
98.4
87,2
o8.9
48,0
38.7
30,5
£2.9
13,5

6.7

1.3

12¢.0
26.03

. 988
16.572
584

1.000
16.560
700

287
.196
. 603

0.0
56.3
70.5

83.2
73,5
SBIE
43,9
353
26,1
i8.8

8.0

0.0

+945

-394

36.338 10.206

515

. 759

1000 1,000
38.730 10, 344

2925

. 552
351
-b37

0'0
B4.b
74,
3213
86.5
£3.1
59, 4
45.9
33,9
3200
20.1
10.8

1.6

.81

. 166
AT
+ 344

0.0
2.3
£8.2
76.7
£7.3
ST
41,9
37.8
23.6
18,1

2

0.0

Water surface profile data for Test Number 126, Table 1.

STALl
210.0
15.63

0994
10, 338
. 801

1,000
10, 482
+B16

. 728
£ 507
636

0.0
55.2
69.4
%'9

46,3
34.3
&9 4
14,0
6.4
0.0

STR12
240,0
0. 00

. 985
11.046
. 762

1.000
{1.172
797

429
331
.02

0!0
67,6
£3.3
3.1
49,9
41.3
3L
18,0

0.0
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Table 28.

MAC FURRDY DRAINBACH STUDY WUMEER 127
mi‘ETFI ML TL,"';PEHI[IDS

DESTRMCE, W
ELEVATICNS, ¢

Fe6aT0P WIDTHe #2233

gl

LI70

5TA 2
5,
24,03

o

.363

ETHAAEDIAE ¢ B M6, 974 E0.T44

¢Td 4D, ik B

FHEESNETTED FER:#peds

lig”]

)
-

1000

+4BT7
5,000

WosAEDIB ¢ A 46,774 60.234

HD D, MHe

#3SURF, SHAFE FRCT. %%

HPRCEILE &
*DEPTH *
WDVRNCE &

TiIE RIKQ QT
¥ s LS

0.0¢ 0.00¢ 0.000
.89 3.033 0.000
2,45 3.052 0.000
4,41 3,052 0

Gl T s
FEFoen
BRkEE
Ll L
ABRRG
hl Hh)ru
prepeons

i
s £
g

¥

15

)
(=1 =X -1 % oo > (=1
§333838388323838838333

¥

£88
2R
L
FEER

-
8
2

- ‘.

©

[

b

130,00 -
140,00 -, 008 O,
180,00 -, 005 0.
160,00 ~.004 0,
170,00 -, 001 0,000
189,00 0,000 0.

INFLOW VOLUME

.Sio

. 189
337
1,785
A0
L]

0.0
41.5

t.0
0.0
t.0
G0

@ 53,21 KA M2/

DRAINRACK VILLME =

RIBCFF VILUME

AVE. INFLGY RATE =
= B4.62 MIH
RE. a - 00007 WM
RVE. T0P HIDTHA = 21,530

INFLIM TIHE
S.0rE

RVE. TCP WIOTH B

ATA

A1
179
1,785

B, §4 M K2/N/H

631

AVE, WET PERIN A = El.!ég

+304
«203
I 6x]

FURRSH SPRCING

1.016

STA 3 STR4 5TAS

g
ar.49

5713

20.0
34,02

-830

J30. ¢
33,36

=)

23.208 51,343 20,182

(E28

£.000

A3
1,000

+B78
1. 000

23,022 51728 Eﬂ.lﬁg

+BA42

033
+1E3

.

+ 163

1,785 L7185

+

5TAR 6 STA 7
€0.0  30.0
26,53 2583

+o86 533 AT
4,030 27,674 10,928
P L )

L0 1,000 1000
4436 22,300 11,050
L9710 L6410 LB05

BB L300 LETQ
L2 285,357
LBl 1036 LIS

5TA 8
fehg
3108

A
FE.B 0,0
76.4 516 Q.0

51A 9
1£9,0

2,38

»323
N
1.278

1,000
2,033
1038

570
145
9

=
fEL 0
24,68

718
67.014
Ry

£, 000
85, 436
-l

+4%6
+361
2742

STAES
20,0
18,05

997
§3,386
LI47

1.000
3,350
=

.7

.505
238
433

Water surface profile data for Test Number 127, Table 1.

STAl2 STAIY SiAlA
240.0 270,0 300.0
0.6 L4 7,75

529 .976 L2
12,028 20,66 11.E06
a LTED

Jab .

1,000 LCO0O 1,000
12,506 20,436 13,855
718 LE78° LTSS

L3700 L 43 0,000
3% L2 L X6
L83 LEZB 0,000

0,0
48,6 0.0
B8.7 5.9 &0
63,6 %38 0.7
7.9 69.1 ELYS
66.2 BB.0 B35
=4 IOIL8 50,8
AR e KL
5,35 IS .3
a1 27,1 215
2§ 165 9.3
0
0

on

bt

201

w7
pnﬂmﬂ’ig*
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Table 29.

Water surface profile data for Test Number 128, Table 1,

HRC FUFRDH DRAINPACK STUDY NUMBER {38

N0, TIME PERIODS  FURRDH SPACING

§TAS STAE STR7 STR 8
30,0 120.0
13.30 15,87

15 1,016

STA 1 STR2 STA 3 STAR &

DISTPMCE, M 0.0 3,0 10,0 200

ELEVQTIUHS, a7 19,74 20.65 10,76
+EeekTOP HIDTHECRRERS

A2 .930 .984 ,98% ,992

#TH=A0I~B £ A 53.300 72,452 40,224 19,202

ETH 8 D, MMe B 483 .41} ,D42 .GB
REEEEHETTED PEA#&EEEE

2 Lo00 1000 1,000 1,000

sP=A{MB + A 53,102 72.168 40,048 19,1482

e aD, MMe B L4935 .487 LS50 B9
#eSURF, SHAPE FACT, ee

PACFILE = L00 L1677 L3D7 L1ET

#DEPTH ] 236 L1597 185 197

HADVANCE & 1.178 1.178 1,178 f.178

TIKE d IN @ OUT HERD
HIN LSS L/S

0,00 0,000 0,000 0.0

.83 3.738 0.0000 97.7 0.0

1.31 3,776 0.000 £3.2 53,1 0.0

2,69 3,776 0,000 86,2 73.6 651 0.0
3.80 3.776 0,000 92,3 82.9 78.1 U6.B
12.53 3,776 0,000 109.4 102.4 103.5 103.4
21,33 3.776 0,000 ii6.7 110.2 1115 12.8
31,93 3.776 0,000 121,6 f15.2 1161 11B.9
40,00 3,776 0,000 126.8 120.1 115.0 122.2
50.00-4,043 0,000 236 406 5.8 TL7
£0.00 -, 743 0.000 16,0 23.7 31.6 45.2
70.00 ~ 131 0.000 6,9 12,3 1.5 26,7
8¢.00 -.0i6 0.000 0.¢ 0.0 0.0 B3
90: 00 'S 009 Ot 000 00 0 Oc 0 0& 0 Ot 0
97.80 0,800 0.000 0.0 0.0 0.0 0.0

30.0
10,15

» 943
33.318
»552

1. 000
33. 100
b4

« 364
429
1.178

0.0
101.1
111.6
118,2
121.4

79.9
52,3
32,7
16.2

1.2

0.0

50.0
0,00

.953
50,788
479

1.Q00

50, 462

488

247
189
762

.963

.33

45.340 13,080

.3l6

683

£.000 £, 000
45,128 19,066

.523

+1B4
132
LT3

alﬁ
83.3
106.3
9.9
63.1
4.6
24.3

0.0

INFLDH VOLIME = B0,51 MM M2/M/M
DAAINBACH VOLIME = 15,77 MM M2/M/H
RUNOFF VBLUME = 0,00 MM Ha/M/M
AVE. INFLOW RATE = 3,775 LJS
INFLOW TIME = 43,33 MIN

AVE, SLOPE = - (0006 M/M
AVE, TOP HIDTH A = 39, 0R8

AVE, TP WIDTH B = 533

AVE, WET PERI¥ A = 3&.755«—'55 gcgs
AVE, HET PERINB= .

AVE, SHAPE PROF = .212

AVE, SHAPE DEPTH = 246

AVE. SHAPE ADVAN = 822

635

B0
407
.51

0.0
35.7
90.2
57.7
37.0
te. 1
0.0

0‘0

H :
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t Table 30, Water surface profile data for Test Number 129, Table 1.

MAC FURROW DRAINBACK STUDY MUMBER 129
WD, STA ND. TIME PERIDDS  FURRDW SPACING

i2 2 1,016
STRY STA2 STA3 514 STRS STA 6 STA7 STRB STA 9 STAL0 STRIY STAs2
BISTANCE, 0.0 50 0,0 20,0 30.0 E0.0 30,0 120,0 150.0 180,0 210.0 240.0

ELEVATIONS, HH 39,50 33.90 29,56 33.88 30,21 34,54 43,50 49,88 39,75 34,54 23,79 Q.00
HEERTOP HIDTHH-H-II!

g2 .93 9% .977 .78 .38 ,973 .986 .989 ,983 .96 .97 .97%

fTH=RAI"B &+ A 9,530 9,976 4,412 7.032 6.298 23.212 7.33B 9.392 17.4B4 49,390 23,522 13.284

*TH & D, MMe 8 824 ,B0B .97 .B48 ,908 ,345 .BE3 .B25 .704 ,489 RIS .7%
R RETTED PERAvRSEx

R2  LO000 L0000 1,000 £,000 1,000 1,000 1,000 1000 £.000 5,000 1,000 1.000

WP=A{03*B # A 9,754 10,122 4,052 7.276 6.558 23.154 7.578 9.S60 17.430 49, 146 23,460 13.364

P & 0, ¢ B ,838 ,823 ,979 .867 .¥20 ,BSH .B79 .839 .7I7 .333 .&46 .TTO
#45URF, SHAPE FACT., »

HPROFILE L3281 J3A0 .3B1 .730 1.000 148,398 L3231 .279 .138 .08 0.000
¥JEPTH * .63 .180 .20f .386 623 .13 .24%0 .58 .17 ,095 0B L3937
HADVANCE  # .28 .52 .%28 .08 .G5PB  .8d2 .603  .BOA .B14  ,B93 .77 C.O00

TIME G INQ OUT  HeZAD
MIN L/s L/is

0,00 0.000 0.000 Q.0
.20 3,613 0,000 2.7 0.0
.70 3.776 0,000 16,0 153 0.0
2,61 3.776 0,000 66,7 73.3 EE.3 Q.0
2.62 3,776 0.000 BG4 100,4 968 53,4 Q.0
15,60 3.776 0.000 104,8 122,06 12l.B 116.1 108.8 0.¢
: 23,70 3,775 0.000 10,1 27,6 127.8 11B,3 1177 9.7 0.0
' 39,80 3,750 0,000 116.4 1351 1350 1856 186,5 1069 83,0 0.0
‘. 97,60 3.736 0.000 1227 142,3 142.3 132.8 13,8 12L0 1003 R4 0.0
77,50 3.722 0,000 127,3 1471 1468 136.3 140.6 128,4 110,5 95,1 84,5 Q.0
9,680 3.722 0,000 123,86 149.7 149,55 1411 144,01 132,2 1158 102.3 97,2 B4b6 0.0
115,20 3,722 0,000 (31,8 151.2 15(,3 143.0 1453 1347 (18,7 106.3 1027 92,3 788 (.0
120,00 3,722 0,000 1319 151,% 15i.6 143,11 145,6 1353 1187 10h.1 1014 91,0 79,5 6i.b
£30,00 3.722 0,000 1326 (52,1 132,3 144,3 146.5 137.6 121,1 10,0 105.8 97.0 90.% 95.6
140,00 3,722 0.000 127.9 145.3 145.6 148,13 148.6 132,13 121.B 110.6 109.5 103.6 103.5 {11.8
150,002,668 0,000 36,1 67.7 755 V.1 90,9 1025 92,3 90,4 97,6 99.8 10M.6 1146
160.00 -.860 0.000 19,5 5.0 6&0.5 59.7 71,9 78,4 69,8 664 7.9 728 7.1 BLO
170.00 ~.235 0,000 9,3 4l.4 5Sn1 464 57,2 615 52,0 48,2 541 56,0 60,1 E9.8
180.40 ~.037 0,000 Q.0 26,4 381 327 43,6 47,0 3B 332 345 B 373 48.0
180,00 -.006 0.000 0,0 2,7 20,2 {64 3.3 323 203 96 10,7 91 59 1Lb -
200,00 -, 002 0,000 0.0 0.0 0,0 1 1.8 14,7 H 00 00 00 &0 0.0
200,60 0,000 0,00 0.6 00 0,0 00 $58 f20 00 00 00 0.0 006 0.0

INFLOW VILUME = 129,78 MM M2/M/M
DRAINBACK VOLLME = 10,47 MM H2/M/M

RUNGFF VOLLME = 0,00 MH Ma/H/M

RVE, INFLOMW RRTE = 3,735 L/S

INFLOH TIHE = 141,20 MIN

AVE, SLOPE = -, 00007 H/M -
RVE, TOP WIDTH A = {2,673

AVE, TOPWIDTHB = 780

fWE. WET PESIM A = 12,731 —iZ.1>

AVE, WET PERIH B =  ,776 ety

AVE. SHAPE PROF = 371

AVE, SHAPE DEPTH = 252

AVE. SHAPE ADVAN = 517
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Table 31.

PAC FURROM DRAINDACH STUDY MUNBER 110

W3, TR
H3

DISTARCE, 0 0.0

5.0

10,0

ELEVATIGHS, M 22,37 28,8 12,30

HEHTOP WIDTHe b e

R L89f 375 917
$THAD G ¢ A HH 958107, 550 44,840 3.'1..'!15 . 554 42,000 30,532 22,302 31,350 25,360 25,612

W LD, Wfr B L3RS
ml'ﬂl:TTED P'Eﬂ"lm

£.000 L.000 5,000 Lood )0
H&#IEIJ!"B ] n 108, 768107, 276 44,712 35,133 32580 41,310
+585

R LD M B L35
BSURF, SHPE FRCT, 4
WAFIE w )]
HEPTH . +Z20
HIVRCE & Lan

T O HE DT
MIR LS L8 M

0,00 0,000 0,000 0.0

3,82 J.722 0.000
3,10 3,714 0,000
26.20 3.633 0.000
41,00 1,670 0.000 17,9

€1l 10 1,757 0.000
220,00 3,722 0,000
230,00 3,722 0,000
240,00 3,722 0,000

.m 0.000 00

INFLOM VOLLME

DRAINFACH VILLME =
FANOFF VOLLFE =
VE, INFLDW BRTE =
IO T

84y
+356
1,000

.

L2758

6.0

23

*

35
25!
1.275

0.0

LI 28 MMM
9.58 M KN
0,00 ¥4 W2/n/K

37 L5

= 242,70 KIN

AVE. SLOPE = = 00003 MM

fVE, TP WIDTHR =
AVE. TP WiDTH B =
Ve, IET AN A =
E, KET FERIN B =
RVE. SHAPE PRIF =
AVE. SHAPE [EPTH =
fWE. S¥PE AN =

10, 7%

.378

ALS(T

1263
209
.723

20.0
8

L1E2
207
1.&715

146.0

K0, TIME PERIODS  FURRGM SPACING
28 1.046

511 51A2 SIA3 STAL SIAS SIAG SIAT STAB SIA 9 SIAID SRS
30.0 120.0 10,0 180.0
13,03 42,70 40,78 45.03

0.0
1.88

+585

.24)
. 307
1L.27%

60.9
4.0

+LoA8

+876
«55%

LOOD J.000 1,000 L0001, 000
30,516 22,374 33,302 25,370 25,574

-

143
.0
«BA2

377
«B&T

v

008
+081
i<

StAt2
40,0
.42

987 58 91
L2L)
L9713

1000
4,038
9713

.6i3
237
LT85 ,386

2i0,0
N

il
397 .63 LE37
B0 643 LEAD
SHe L33

L4 38 Lom
820

STRI3
270.0
12.8—!

1. 368
716

Loop
8,002
WI26

25§
089
2N

Water surface profile data for Test Number 130, Table 1.

SIA STRIS STAG
300.0 3X,0 XA.0
1L47 1% a0

983 .97@  .94%
37104 22,844 37,772
SZ6 LB .54

Lood 1000 1.000
36,974 22,508 37,606
5B ,B6f .52

«339
+294 284
864

tm
AT
«483

AEgd
X3 3 e Pt
FEBRESe

ny

o

B
(=] n
A

=]

b

o
oS Oom
Lt al

D O D Jor L ey B g bem =g Gl D2 6D
-
=]
3
o

P
=)
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‘ Table 32, Water surface profile data for Test Number 131, Table 1.

WAC FURRCH DRAINBACK STUDY NUMBER 131
KD, STA NO. TIME PERIODS  FURROW SPACING
8 2l 1.0ib
STA1 STR2 STR3 S5TR4 STAS STARE STA7 S1R A
DISTANCE, M 0,0 5.0 0.0 20,0 30,0 GO0 90,0 }20.0
ELEVATIONS, ¥ 21,79 19.71 19.64 10,76 10,15 0@.00 f3.50 15.87
e TOP WIDTHER2RERE
R2 L9300 984 .9B4 .92 ,333 ,953 .93 .98l
£TH=AD}*B ¥ A 53,300 72,452 40,224 13,202 33,318 50,788 45,340 19,080
¥TH 4 B, MME B L489 411  .042 .BB4 ,S522  .479 L0166 L BA3
FERERHETTED PEREEEREE
R*2 1,000 1.000 1,000 1,000 1,000 1,000 1.000 1,000
P=AIDI~R £ A 53,102 72,168 40,048 13,182 33,100 50,462 45.128 19,066
P 4D, MHe B .495 ,417 ,350 .e36 ,OB4 48D ,SA3  .635
+eSURF, SHAPE FRCT, #¢
tPRAOFILE & LS 03 L0420 037 .08 L149 .66 ,088
DEPTH L3 .22 L1355 .183  .1e2  ,183  ,195 .382 L1116
sADVANCE = 5,399 4,399 4399 4399 4,399 1.303 L5713 .924

TIKE O INOQ DUT  HEAD
MIN L/8 L/5 M

0.00 0,000 0.000 0,0
1,64 3,915 0,000 BE.7 O.O

1,92 3,327 0.000 73,2 60,1 0.0

2,25 1,935 000 75,9 68.6 3%.9 OO

2,47 3.3 0,000 778 70,3 437 SLA 0.0

£.85 3,905 ¢,000 57,9 91,3 63.6 93,7 9.1 0.0
9,35 3,832 0,000 103.4 98.1 75.7 10,3 99,5 826 0.0
. 19,45 3,917 0,000 11,7 106.3 BAS 10,9 110,54 10G.3 T4 0.0
~ 20,00 3,940 0,000 114,8 10,5 885 1167 1165 1157 94,7 90.4

30,00 ,757 0,000 448 55,3 443 901 99,3 119.5 109.8 109.B

40,00-2,132 0,000 26,5 35.2 2.8 61.3 6B.6 B6.E6 TGS TH3

50,00 -.729 0,000 173 2.6 10,5 464 D24 68,9 OALT 56D

£0.00 -, 318 0,000 12,6 20,2 3.9 3B.¢ 43.0 DB.2 45,3 456

70,00 - 139 0,000 8,7 15% 0.0 3.1 350 30,1 3B4 369
80,00 -,051 0,000 58 126 0.0 25.2 @284 443 325 3D
90,00 ~, 015 0,000 28 %5 00 206 23,3 396 27.5 25.8
100,00 -.007 0,000 0,0 4,8 00 153 19,3 34.8 224 196
110,00 -, 006 0,000 0.0 2,3 00 85 131 30,3 180 13.8
120,00 =008 0,000 0.0 11 00 3.5 %2 271 1.7 5,4
130,00 -, 003 6,000 0,0 0.0 Q.0 4 5.2 182 AD 00 -
138,60 0,000 0,000 00 o0¢ 00 00 33 159 0O 0.0

INFLOY VOLLME = 55,29 ¥{ M2/H/M
DRAINDACK VOLUME = 25,78 MM M2/H/H
AUNDEF VOLLME = 0,00 B M2/H/H
RYE, INFLOW RATE = 3,323 L/S
INFLOW TIME = 26,57 HIN

RVE, SLOBPE = -, 00005  H/M

AVE. TOP WIDTH A = 39.0&A -
RVE, TOP MIDTHB = 519

RVE. WET PERIM A = 18,765

AVE. WET PERIN B = 545

RVE. SYAPE PROF =  .145

AVE, SMAPE DEPTH =  ,223

RVE, SHRPE ADVAN = 1,230
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Table 33.

MAC FURRDW DRAINBACK STUDY HUMEER 132
FURROW SPRCING

KD. 5TA
12

DISTRANCE, M

30
STR 1
0.0

NO. TIME PERIDDS

STh 2
5.0

ELEVATIONS, ¥ 33,50 33,30
HERTOP HIDTHEERE£ER

w2
sTH=AID)"B & &
¥TW 4D, MM B

lilllHETTEb PESYExE:F

R
W=D & A
WP § D, MME R

975
9,590
D24

1., 800
9. 754
.a38

#%SURF, SHAPE FACT, 3

sPROFILE  #
¥DERTH ¥
KADVANCE

TIE Q INQOuT
HIN LS L/S

0.00 0,000 (.Q00
1,28 3,861 0.000
1,97 3.666 0,000
2,08 3,566 0,000
3.87 3,886 0.004
7.30 3.886 0.000
11.00 3.886 0.000
5. 00 3.888 (. 000
22,00 3,905 0.000
28,10 3.925 0.000
36,00 3,94% 0.000
42,40 3,979 0,000
50,00 3.988 0,000
B0, 00 3.964 0,000
70,00-2, 040 0,000
80, 00-2. 756 0,000
90,00-1.704 0,000
100, 00-1, 082 0,000
110,00 -, 722 0.000
120,00 ~, 470 0,000
130. 00 '.233 0.000
140,00 -, 162 0, (00
150,00 -, 076 0.000
160,900 -, 030 0. 000
170,00 -7 0,000
180,00 -, 013 0,000
180,00 -, 041 0.000
204,00 ~,003 0.000
210,00 0.000 0.000
213,00 (.000 0,000

INFLOW YDLUME = 51,30 M¥ M2/M/M
DRAINBRCK VOLWME = 26,28 171 Ho/M/M
RUNDEE VOLLKE = 0,00 MM Ha/H/M
AWE, INFLOW RATE = 3,936 LSS
INFLOW TIME = (3,38 MIN

AVE, SLOPE = -, 00007 W/
RYE, TOP WIDTH A = 12.673

AVE, TOP HIDTH B =  .7E0

AVE., WET FERIM A = 12,731

RVE. WETPERIN R = .T776

AVE. SHAFE PROF =  .230

AVE, SHAPE DEPTH = ,219

AVE, SHAPE ADVAN = 1,027

18
+224
1,624

HEAD
M

¢.0
33.0
5.7
3.2
7.6
90.9
98.8
103.1
108,54
111.7
116.2
118.3
121.4
126.8
48,6
37.0
28,0
2.3
15,35
2.9

0.0

. 332
9,575
808

1.000
10,122
.B23

L0391
147
1,624

0.0
70.3
74,4
94,3

110,3
118.2
{23.0
126.3
§33.8
135.9
137.3
40,2
142.9
73.1
2. 8
94,2
48.2
43,5
39. 3
36,3
32.8
29.6
24.3
15.7

59

0.0

Q.0

0.0

0.0

STA 3
10' 0
23.%

.97
4,412
974

1,000
h‘ 842
. 978

080
130
1,624

0.0
67.6
90.5

110.0
147.5
iea.7
i28.2
132'3
136.0
138.3
140.8
145.3
Bl. 4
0.6
Bl.4
55-0
49,7
45.2
41.4
31.5
33.6
ch. 8
22.0
14,7

8.0

0.0

0.0

0.0

1.046
STA 4
20,0
33.08

.328
7.032
IMB

1.000
7.276
. 867

(98
159
1,634

0"0
7.1
98. 4
107.3
113.3
119.8
128,56
129.1
132,5
134.3
136.3

85.4

755

6l.2

38,3
42‘ 5
37.8
24,0
12,0

SR S
30a 0
30,21

956

STA B
60‘ 0
34,54

2373

6.238 23,212

308
1. 000

B4
1. 000

6,598 23. 154

. 320

. (B2
134
1.624

0.0
33.8
105.6
12,2
119.7
124, 1
128.2
132, 4
135. 4
140. 4
9. ¢
62.9
izl
64.3

) P
#5: 8
41,1
3T. %
33.3

24.7
21.6
16,9
11.3

6.8

636

. 20
+ 198
. 98%

a7.2
23.9
1%.0
2.4

6.7

Water surface profile data for Test Number 132, Table 1,

SIA7 STAB SIA9 STAI0 STAL
150.0 180.0 21&.0
39.75 34.54 23.79

30,0
43,50

. 386
7. 18
.B63

1,000
7.5978
.79

. 238
.78
.928

0'0
62,4
85.6
95.9

100, 4
107.3
{12.4
118.3
103.5
86,8
73.5
63,7
55.3
47.2
41.6
34.9
30.7

20. 4
16.5
15.7
5‘8

I3
0.0

120.0
49, 48

. 989
3,332
835

1. 000
2.560
B39

-438
« 293
] 553

o
£5.0
80. 4
ar.2

101.8
110.1
104, 3
86.5
72,8
62.6
23,7
44,8
40,3
32.6
21.7

6.2
10,8
3'2
.o
0.0
0.0

. 983

. 356

.978

17.485 49,330 23,522

. 704

B85

’535

1,000 1.000 1,000
17,490 49, 155 23,460

L7

376
200
£ 745

0.0
66. 4
83.5
91.3

111.9
11a.7
94,5
80.5
69.9
50' B
51,1
46.8
39.6

2a.9
22,0
7.0
in.2
2.9
0.0
0.0

433

434
270
+ b2

0.0

81.3
92.6
119,2
115.2
96.9
83.1
7.4
62.8
54, 1

41,4
36.6
30.0

16,1
0.2
)
0.0
0‘ 0

.b4b

!29?
. 242
.B15

0.0
54,9
B7.5

112.4
119.6
10,6
87.6
75.4
61.6
a7, 3
04,3
45,3
39.7

24.3
6.8
8.2
0!0
¢.0
.0

STAI2
240.0
0.0

. 974
13,204
. 7B

1. 000
13.364
- 770

513
. 317
. 386

Ol 0
33.4
123.1
129, 4
112.2
7.5
85.7
773
69.1
61.9
4.3

42,95
35.4
28.3
2.3
10.8

0'0

0.0

@
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‘ Table 34, Water surface profile data for Test Number 133, Table 1.

WX FURROM DRAENRACK STUDY M¥EER §13
Pﬂis‘.ﬂﬂ HO. TIP‘E FEHIEIDS FURRL‘I-IIS?EIM

STR .l STA2 STR3 STA4 STAS STAG STA T STAA SIA S STAI0 STAEY sTAIZ STAI3 STAI4 STAIS STRIG
DISTRMCE, W 60 50 10,0 20.0 3.0 £0.0 90,0 {20.0 (%00 150.0 2(0.0 240,0 2700 300.0 30,0 I54.0
ELEVATIONG, WX 22,27 20,41 12,31 LBV 7.89 AL03 19,03 42,70 40.78 !5.03 B.42  B.42 254 13,07 1.9 o000

HETOP WiDTHM R
R2 481 W73 972 .8 W97 .87 LITT .94 .95? L978 .33 46,985 978,985
sTWEALDI0 ¢ O 1M, ‘558107..:60 A4, B40 35.315 32,664 42,0390 30,592 22,302 13,350 25.350 "5.512 4,174 {7,558 I7, 104 22,884 37,772
FTHED, te B +361 L5 L5823 557 385 548 L%96  LEE7 LE97 LE34  L.637 913 LTI6 LES6 LEWD LS54

HHHETTED FEﬁle
R 5000 1000 £,000 {000 1,000 1000 L.0OO 1,000 5,000 1,000 1,000 L000 (000 §,000 £.000 5,000
HP=AIDIB ¢ A 104, 768107276 44,712 35.198 32,580 41.930 30.5i6 22,29¢ 3,302 25,10 25.5M 4.628 18,002 35,974 22,502 37,606
OO D, M B U385 L350 530 L565 L53h LA LE0d  LG676 L6064 LEA3  .EAE 79 .76 (%85 LBEE 58

WROFILE & 452,051 L03 .03 L4 0% L148 .215 .05 .S58 .516 .397 387 L5 280 0.000
S(EPTH ] AT LIS L LU LIS JOTS LIT9 L1900 M L3 LR LB:R Lpsh 210 A8 L AT7
HIVCE @ LT 3247 1247 a7 LT LA 120 LB11 .67 LETT .70 L7531 .69 BR 1,495 0.000

TIE QIHQOUT HEAD
MIH LS LIS

0.00 0,000 000 6,0

205 3.931 0,000 434 0,0
54 1997 0,000 51,0 458 o0
Li4 L9397 0.000 E0.4 S50 £3,.2 0.0
3.56 1,997 0,000 B6.9 65,3 78,0 7i.0 0.0
9.52 L9997 0.000 83,0 BSE 952 95.5 B9.4 0.0
12.62 L.997 0.000 9.3 ®R,7 9.2 1052 %58 0.0
16,02 3,937 0,000 557 34,4 §03.4 1107 1021 742 E53 0.0
22,12 3.934 0.000 {0i.4 93.5 103.7 [0A.8 }00.5 .3 B0 R.2 0.0
2372 3,978 0.000 104.2 103.9 1480 {}7,7 1103 Bh4 918 60.8 428 0.0
39,2 3.957 0,000 {145 1J0.E 1257 6.1 $13.3 94,2 1043 733 .6 S5.8 0.0
.92 3,542 0,000 119.1 1048 30§ 1309 f2h0 100.F {152 ALY B4 7.3 ST 0.0
52.52 1,941 0.000 22,0 1i7.6 12,3 |30,9 [27.] 103.8 1158 &9 76.B &5 7.6 7.3 0.0
61,62 3.341 0,000 1249 120.7 357 136.8 1302 107.% 1357 9.4 BL2 9Ll B5.2 90.5 2,9 0.0
70,72 3,344 0,000 27,1 1217 137.8 138,5 132,0 109.5 123,] 2.8 &4,5 {046 93,9 J00.9 BG.O B6.E 0,0
74,2 L9 0,000 127.3 [2t.4 33,5 39,0 {36 $£0.2 JALT 9LT 69.7 (061 9.5 {028 GA.S ILT L3 0,9
80,00 3,941 0,000 1205 123.5 139.6 1402 133.8 {]L2 125} 100,0 92,7 109.4 98.9 I0G.A 911 81,2 6.0 TS
20.00 3,941 0,000 130.0 126.9 [}, 2 14,9 1357 113.5 1275 lod4 3 FHE J06.3 1159 106.4 $00.5 91,7 M9
100,00 3,341 0,000 1324 129.1 (42,9 1438 1374 1156 1.6 306.8 105.7 121.5 §5.5 126.9 120.4 1.5 111.8 1Ly
10.00-,472 0,000 4%.5 5.5 90,1 9,4 994 BT.B IH.A 9.0 97 1227 Ha.6 1.2 2.2 126.5 119.6 M43
120,00-3,054 0,000 .3 .2 60 T2 TL3 &L 2 B0 B4 1086 1064 120,4 116.2 116.8 11L4 X3,
{30,00-4,854 0,000 22.7 3,3 55,1 649 BA7  Z4.4 -5 TLA T4 98,2 W 307.9 1037 j003 .8 118.3
140,00-1,326 0.000 17,5 274 50,9 3,0 5.7 .0 750 620 63.9 BA.S BS.7 .7 %2 %61 89,2 il0,7
150.00 -,913 0.06¢ (X6 BL8 44 52,4 5.2 423 EL2 501 5,9 BT T »3 857 856 BO,% 1010
160.00 -4 0.000 10,7 20.8 424 47,6 54 IS5 6,2 468 48,2 70,8 &E.5 825 76.3 e T2.0 R4
170.00 -, 44 0,000 B0 FL7 39,0 432 04 290 55,5 403 AL0 5.2 ELA 5.6 .3 10,9 648 B5.0
180,00 -, 273 0,000 3.2 149 357 ;2 356 2% 53 BT 8.3 0.1 5.0 6.6 64,7 642 SLT  78.0
130,00 158 0,000 21 123 2.5 XS0 W5 158 %4 300 30.4 5LB 0.9 BAE  BMG 60,3 ALE T4
200.00 -, 077 0,000 0.0 3.6 29.6 3L2 26.2 9.8 A%4 254 24,4 A4 457 S92 LA S I TN I
210.00 -.020 0.000 0.0 6.3 266 282 2.7 AB 3.7 2.7 2.2 ALS 4LS 549 5 .4 43,9 32,7 A3
220,00 - 0i 0.000 0.0 LT 2L} 252 9.7 6.0 M4 JE8 (57 T 5.0 4T ALY 0.5 .9 m,y
244,00 <007 0,000 0.0 0.0 20.7 2,7 46,5 0.0 It.7 J0.9 JJ.0 7 30,3 4L 4 .2 3.4 2.y 49.2 -
£40.00 ~.007 0.000 0.0 0.0 7.4 190 33 00 26 N6 1.3 269 2.2 359 e 2.1 19.9  41.4
£%0.00 -,003 0,000 0,0 QO {36 162 10,7 00 23,0 49 22 2L 9.9 331 28.6 1.4 9.1 .8
260,00 -,011 0,000 0.0 00 9,1 127 7B 00 6] 0.0 6.0 IS4 IhO IS 2,9 9.1 0,0 24}
£10,00 -04i 0,00 0.0 0.0 53. 97 S 06 10,7 00 0,0 BE .6 2.0 .2 00 00 159
280,00 -, 009 0,000 Q.0 00 L2 59 26 00 57 0.0 0.0 L7 2.1 43 2.3 00 0.0 97
290,00 «.006 0,000 0.0 0.0 Q0 4,9 2 60 00 00 00 060 0,0 44 19 06 0.0 1.9
235,60 < 0050000 00 0.¢ 0¢ 00 00 00 00 0.0 00 00 0,0 .2 s4 00 00 0,0

THELH VOLLME = 59,24 PN K2/N/N
DRAINEODH YOLIRE = 20,55 M1 M2/M/K

RAMEF YOLLPE = 0,00 MY M2/

RVE. IFLON RATE = 1,956 L/S -
LM TIHE = 104,52 MiN

ME, SLOE = =~ 00003 M/M

NE. TP WIDTH A = 13,790

RE, TP HIDH B = .578

RVE, WET FERIM A = J3.5i7

MYE. WET FEAIM B = 558

AVE, SPPE PROF = 252

RYE, SHFE DEPTH = 261

RYE. SHFPE FOVFN = [,030
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Table 35.

Water surface profile data for Test Number 134, Table 1,

HAC FURRDW CRAINBACK STUDY NUMEER
NB, STA NO. TIME PERIDDS

8 20
STAL 51A 2
DISTANCE, H 0.0 20
ELEVATIONS, W4 21,79 19.71

HEFETOP HIDTHEEEEERE

R*2 930,984

134

FURROH SPACING

1.0i6

5TA I STA 4 STAS STA 6 STA7 STA B

io.a
19.64

.38

¥FTU=RID}B & A 53,300 72,452 40,224

fTH § D, Mfe B 489 .4l
HEHWETTED PERSHHHE
A2 1,000 1000

o 342
1,000

sP=AD)~R ¢ A 03.102 72.168 40.048

WP & D, HMe B L4395 417
#:SURF, SHAPE FACT, ##

EPROFILE  ® L4377 L538
¥DEPTH ¥ 212 .359
tADVANCE .A65 L 4BD

TIME Q@ IN O OUT HERD
HIN LS /S M

0.00 0.000 0,000 0.0

07 3,372 0,000 k|
.31 3,832 0,000 13.8 |
1,36 3.837 0.000 £1.3 S
3.26 3.B47 0,000 79,1 72,
o.32 3.861 0,000 88,9 2.
8.12 3,878 0.000 96.2 50.8
14,22 3,885 0,000 105.8 100,1
20.00 3,900 0.000 113.7 107.5
30.00 - 340 0,000  37.0 46,8
50.00-1.508 0,000 21.3 29.7
30,00 - 512 0.000 (4.4 32,4
50.00 -,200 0,000 9,2 i&.4
70,00 - 071 0,000 B0 131
80,0¢ -, 018 0,000 .7 8.4
90,00 -, 007 0,000 0.0 2,6
100,00 -, 006 £.000 0.0 0,0
110.00 -, 005 0.000 0.0 0.0
120,00 =, 004 4,000 0.0 0.0
122,40 0.OOD Q.00 0,0 0.0

0

B892
1415
+A65

0.0
2.9
46,9
ﬂ' 4
68.0
1.5
8a.0
33’0
14,6

5.7

0.0

0.0

0.0

&0

0.0

0.0

0.0

0.0

20,0 20.0 £0.0

30,0

{0.76 10,15 0.00 13.50

S99 .93 L953

+ 963

13.202 33,318 50.786 45,340

.BB4 L2 .479

.a1b

1.o00 1,000 1,000 L 000
19,182 33,100 50.462 45, 128

.63 ,5b4 .48

.00 LW 219
244 160 L2239
4B L4B5 ,958

Bl.1 7.2 Q0.0
2.7 8.7 7.5
102,86 101.7 99.B
11,2 109.9 115.0
75,6 B2.4 107.1
50.6 356.0 77.9
38.6 427 B2.b
2,6 3.7 520
24,1 @862 456
18.7 20,8 39.6
fa.4 154 331

5.6 10,2 2.l

1,5 5.6 225

Q.0 .2 16,0

0.0 GO0 117

INFLOW VOLIME = 47.09 ¥4 H2/M/M
DRRINBACK VDLLME =  22.07 M4 H2/M/M
RUNOFF YOLUME = 0,00 M4 H2/M/M
AVE, INFLODW RATE = 3,887 L/S
INFLOW TIME = 24,62 HIN

AVE, SLOPE = < (0005 MY

AVE, TOP WIDTH A = 39,088

AVE. TOP WIDTH B = 539

AVE. WET PERIM £ = 38,765

AVE. HET PERIH B = 549

AVE, SHAPE PREF =  ,54%

AVE, EHAPE [EPTH = .277
AVE, SHAPE ADVAN =  ,B0]

.523

807
Alh
313

-120.0
15.87

-39
19.080
.683

1. 000
19. 066
B35

~e75
. 287
.63

0.0
94,7
35,3
86.0
U |
3.1
313
24,7
18,9
1.4
5.7
1.2

oh
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Table 36, Water surface profile data for Test Number 135, Table 1.

&

¥AC FURROW DRAINBACK STUDY MUMBER 135

NO, STR M. TIFIE3 PERIODS  FURROW SPACING
2 Q 1,016
STAY STA2 STR3 STA 4 STRS STAE STA7 S5TAA SR 9 STAIQ STARS STAI2
DISTANCE, N 0.0 50 I0.0 20,0 30,0 60,0 930.0 120.0 :50.0 {B0.0 210,0 240.0
ELEVATIONS, MM 33,50 33.90 29.56 33.88 30.2{ 34,54 43.50 49.48 39.75 34,54 23.73 0.00
HREETOP WIDTHERERLER
R+2 9% .8%2 977 .928 .95 .,973 .,986 .99 ,983 ,956 .978 .974
=DM ¢ A 9.9% 2976 4412 7.032 6,258 23,212 7.338 9.332 17.484 49,390 23,522 13,284
TH & D, ¥Me B .B24 .B0B .974 .B4B ,90B .645 LBB3 .BES .704 L4885 LB35 .76
+reeeETTED PERERERRE
B2 5,000 1,000 1,000 LCGO0 L0000 1000 1.000 L1.000 1,000 1,000 1,000 1,000
#P=A0*D ¢ A 9,754 10,122 4.B42 7.276 6.%08 23.15% 7.9578 9,560 17.430 49,146 23,460 13,364
¢ 53 D, MMe B LB .83 .,979 .BR7 ,920 .eS6E ,B79 .B39 74T .493 .e46 .TTO
+E5URF, SHAPE FACT.#%
¥PROFILE # L2053 .20 L1904 L1955 ,175 LI1RZ .206 .3%49 ,515 ,B10 .59 Q0.000
#DEPTH E L2120 L7 JIB0 Li63 L 147 g2 131 257 L4585 L4081 420 LS6S
ADVANCE L0480 L840 BAC L840 L840 ,994 926 737 ,8B3 .657 .703 0.000
TIME Q@ INOOUT HEAD
KMIN L/S LSS M
0.00 0,000 0,000 0.0
.34 3,849 0,000 16,8 0.0
L77 3.942 0.000 38,3 45.2 0.0
1,31 3.94% 0,000 S7.9 73.4 EB.! a,0
; 2.86 3,947 0.000 67.4 83,7 8.6 Eb.4 0.0
6,75 3.954 0,000 82,6 101,5 {088 93,1 889 0.0
~ 10,15 3.964 0.000 90,4 109.6 109.8 01,6 99,5 74.0 0.0
13.85 3.974 0,000 95.8 1146 1150 107,7 105.6 462 EL.8 ¢0
18,75 3,986 0,000 97.7 {18.7 119.4 10,6 111,8 941 740 D43 0.0
23.05 3.936 0.000 104,7 123,8 1244 118.4 117.2 104,3 87.¢ 66,8 45.4 0o
29.15 3.997 0,000 108.6 127.7 128.5 121.9 122.4 (10,3 946 T7.0 6B9.1 50.2 0.0
35,25 3,937 .00 {12,3 13,5 132! 26,0 126,3 1166 1¢2.3 @860 81.6 EB.2 47,7 0.0
40,00 3.997 0.000 114,4 133,95 134.1 128.0 128,7 118.3 1048 90.7 4874 7.4 BB D34
50,00 3,397 0,000 117.6 137.1 138.! 131.9 1328 1243 110.7 97,9 981 93,9 945 1050
£0.00 1.768 0.000 61,7 B8B,3 95.1 99.0 108,3 118.5 111.2 103.4 107.0¢ 1066 1145 1250
70.00-2,957 0.000 37,3 82,3 &9.1 70.4 82,3 91,7 8%2 4857 932 95,9 1024 {137
80.00-1.526 0.00¢ 29.¢ 53,8 80,2 BO,! 70,9 789 757 N.B 77 79,6 BB3 954
9¢.00 - 093 0,000 21,1 46,3 52,6 9Sl.6 621 67.5 E2.6 58,3 651 GBE7 7T BOY -
100,00 -, 565 0,000 14,6 41.6 47,2 45,5 549 98,7 D43 49.4 S0 577 GBI 2.6
116, 00 ~. 313 0,000 81! 37,1 4.1 3.8 48,1 5.4 45,4 40,6 47,6 49.8 54,1 GG
120,00 - 162 0.0Q0 &9 34,0 38.4 34,9 42,7 45,7 40,0 342 41,3 43,2 47,0 TT.3
130,00 -, 071 0,000 0.0 303 336 25 375 40.1 334 269 36 .2 I 07
140,00 -, 023 0,000 0,0 250 28,3 241 33.4 351 @257 21,4 28,3 29.4 333 433
150,00 -, 010 0, 000 0.0 17.0 2.4 17.6 2859 31.7 238 1163 22,0 22.3 @891 356
160,00 -, 005 0, (00 6.0 7.5 135 10,8 23.9 27.1 184 10,5 19.% 143 158 2%
170,00 -, 006 0,000 0.0 0.0 5.9 4,3 19,0 21.8 &3 1.8 8.9 E.bB %4 19,2
180,00 ~, 004 0,000 0.0 0.0 0.0 0.¢ 146 17.3 6.0 0.0 4.0 0.0 a0 10,6 -
190.00 -, 003 ¢, 000 0,Q Q0.0 0.0 0,0 1.8 9,9 0.0 0.0 0.0 Q.0 [y 0,0
200,00 - 002 0.000 0.0 0.0 0,0 0 o4 1.4 ¢.c 0.0 0.0 ¢0 ¢.0 0.0
202,80 0,000 0,000 0.0 Q.0 0,0 0,0 0.0 6.0 0.0 0,0 0, ¢ 0.0 0.0 0.0

IFLOW VOLWE = 56.90 MY H2/M/M
DRAINGACK VOLIYE = 19,54 MM Ho/M/M
RUNOFF VOLWRE = 0,00 N H3/H/M
AVE. INFLOW RATE = 3,987 L/S
INFLOW TIME = 58,00 MIN
AVE. SLOPE = -.00007 /M
AVE. TOP WIDTH A = 12,673
AVE. TOP WIDTH B = 760

- AVE. WET PERIN A = 12,731

& AVE, WET PERIM B = 776
AVE. HAFE PROF = 315
AVE. SHOPE DEPTH = 275
AVE, SHRPE ADVAN = 628
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Table 37. Water surface profile data for Test Number 136, Table 1. ‘

W FUARDW DRATHBACK STUDY MMEPER 136
miBSTR ML TDE%FER]DDS FURRGH SPACIHG

1,016
STAY STAZ STARI STA A4 STAS STRG6 STAT STAB SIA I STRI0 STAIY STAI2 STAID STAKA STAIS STAIG
DISTRACE, W 2,0 5.0 0.0 200 300 E00 9.0 120.0 1%0.0 80,0 210.0 240.0 270,0 300.0 330.0 3SA.0
ELEVATIONS, MY 32,27 J8.4f 22,31 1384 7,83 51.03 29,00 52,70 50,78 25.03 {A.67 K.42 12.84 13,17 3. Q.00

TP WiDTHEERban .

R2 .90 .BM 975 972 988 9% 876 L,9T7 .974 987 .978 .93% .G .978
lTIrHHlH‘B * n 10\ 938107, 560 44.B40 39,316 32,664 43,030 30,592 22,302 13,150 25.360 25,612 4.174 17.%88 17.104 22,04 3LTI§
™

¥TH 30 JBE LME 533 LEST .5B6 JEA3 .596  LEGT  L53T LBIN 637 973 LIIE LSS LG
Hﬂ-ElTEbPER'HH!
LOOD 5000 £.000 1000 1000 £.000 1,000 1.000 1,000 1.000 1000 1,000 1000 [.000 1.000 1,000
HeAiDI 8 100, 65107216 41,712 15,199 30,580 41000 J0.91E Zoia00 3o, 000 2 oy 24" oot 1,525 18.002 36,374 22,202 37.605
IS0 L5300 JEE5 LTH LSS0 LG0A  J6T6  JEOK  BAT  J6A5 .79 LTFR  GSE5 LE6I | .%E2
WSE, s#werrrr.u

WRFILE ¢ (3B 402 L350 LM LOM LT 604 003 548 LIE3 A8 LEPS LAF6 .63 .33 0,000
HEPTH + LM 24 L2 206 L2120 285 W26 W13 LASE L0000 3B L300 L33 433 433 .
IRIVANCE & +816  .B16 ,G16 LBI6 .BIE LA2] LAXIAMBA9 ,83) (705 745 .482 871 .E93 L3G4 0,000

TIE O YHO QT HERD
MIH US LS M

0,00 0,000 0,000 0.0
L0 LTI30,000 4,2 0.0
L60 1.941 0,000 1. 2.0 0.0
1,85 3941 0.000 403 3B 387 0.0
2,87 3.941 0,000 52,4 558 636 6.8 0.0
6,27 .91 0,000 79,0 72,8 8%n0 BL7 65! 0,0
10,27 J.94¢ 0.000 67,9 8B 97.5 954 8.3 474 0.0
19,9 3,941 0.000 $02.2 98.% i12.6 1187 10A.B BR.? &4 0.0
20.05 1.941 0,000 102.3 .2 112,7 i12.8 i05.0 68,3 BLT 0.0 0,0
24,97 3943 0,000 06,1 §02.3 17,2 7.6 H0,2 743 W0 ELI 38,0 0,0
31,07 3L.941 0,000 10,5 1ONO J2i,8 1222 {50 BO.4 1052 B4.B 5L1 449 0.0
J7.47 .94 0.000 §43.1 109.4 12h.2 1249 7.9 BLY 1034 T75.4 GI.5 SA.9 M1 0O
A7.46 3,555 0,000 16,3 {12.2 127.7 28,5 (21.3 @877 1083 TL7 694 Tha 623 66T 0.0
156 3,974 0.000 117.4 1440 120.5 120.5 J2x2 @9.6 1H.9 80 719 .2 T 79,2 488 (.0
61,47 3.997 0,000 319.2 1157 13,6 131.7 1244 51,7 1444 BG.B 78, BL4 820 B9.4 GBS, 2.5 0.0
.87 1997 0,000 419.9 15,3 {346 13,4 1257 9)2 §i0 8.5 8O0 A58 o488 929 £A9 BLI X7 0.0
70,00 3.5# 0.000 12,6 1§79 110 136 1273 .0 iie.4 90,6 B39 83,1 @85 96 M7 TLO Sl T4
£0.00 3.980 0,000 1L 4 14,8 136.0 123.2 96,8 £19.8 936 B7.f Sh4 956 105} .6 BLB 787 1011
90.00 3.551 0,000 (250 f2l.7 138.0 1,6 1}i.2 9.9 J2LA 9.4 914 [0L5 1050 4B 96,2 1029 9.9 119,
00,00 -, 393 0,000 M55 5§44 71,9 93,2 L6 734 051 89,2 B3.4 100, ton.i 138.9 109 113 (086 130.B
10,00-2,862 0.000 26.3 .3 5.6 660 654 48,9 B56 T3 Th4 , -9 110,f 952 105.7 1013 1223
20,00-£,026 0.000 138 282 5,7 5.6 6.5 M.5 750 6l.) 6L3 A BLT 94, 4,2 35, 3.2 110.7
130,00 -, 932 0,000 156 24.] . 5. .2 2.5 E%0 5.1 Si.6 658 Ti.8 BRI Ti.8 BL.B TE.4 915
140,00 -, 652 0,000 13,3 22,5 42,0 A2 2.8 228 59,2 ALS M2 SLB ,9 78.5 &h1 7.7 667 BB.T7
150,00 ~. 405 0,000  B,4 18.5 7 40,5 3.4 4 59 NI K2 5.0 ,5 b6%6 53,6 &LE %6,1 7.6
§60.00 223 0,000 4.9 5.8 .9 I .4 7.6 M50 28.% 297 ALO0 45 625 A5 5SB.9 4956 L2
170,00 -, 103 0.000 2,1 2.8 30.1 3.9 266 0.0 AL7 25.7 249 I3 M.2 SLA 424 SEA M, .6
160,00 -, 029 0,000 0.0 10,0 266 2.3 228 0,0 W2 20,0 JRI X4 A 450 3LI 427 W4 9.9
193,00 ~, 010 0,000 @0 52 22,4 24,0 18.3 0,0 35 &} 102 21 293 A, 2] .3 @87 5.3
,00 =007 0.000 0,0 .0 190 20 153 00 AL B3 S8 .5 236 N2 2.9 284 A6 23
2£0,00 =006 0,000 0.0 0,0 13,8 6! 108 00 223 L4 1.3 99 6.9 309 6.1 196 10.5 1.7 N
220,00 - 005 0,000 0,0 00 87 4,8 7B 0.0 78 00 00 20 0.3 22 82 LB 1233
230,00 ~,005 0,000 0,0 00 35 79 48 00 fl4 00 00 00 A2 132 26 00 0,0 50
210.60 -, 004 0,000 0.0 00 00 30 12 60 38 00 00 OO0 00 4B 00 QO 00 7.8
250,00 - 004 0.00¢ 0.0 O 00 00 90 00 00 00 00 €O 00 00 00 00 0,0 .2
4,80 - 002 0,00¢ 00 00 00 00 00 00 00 00O 00 OO0 00 00 &0 0.0 0.0 00

IFLOM WLLME o 63,04 M 0/
DRAINDACK VOLLME = |5, 94 ¥ Ma/N/N
RUFF VRLME = 0,00 MW K2/H/K
RE, LM RATE = J,860 L/S
I TIEE » 35,88 WMIH

e, S0 = - 00007 M/M
ME, TP WIDTH A = 33.7%

RYE. TP HIDTHE = 578

PYE, WET PEAIM A = L3517

PAYE, MET FEAIN B = ,ZBR

AVE, SHOFE PROF = 425

AVE, SAPECEPTH = L 316

AYE, SHPE AWM = T

Annual Report of the U.S. Water Conservation Laboratory



211
Table 38, Water surface profile data for Test Number 137, Table 1.

MAC FHRRCH DRAINBACK STUDY MUMBER 137
NO. STR #0. TIME PERIODS FURRDW SPACING
B 14 1.046
5TA1 STA2 S5TA3 STA 4 STAS STAG GTA7 STA S8
DISTANCE, M 0.0 20 100 20,0 30,0 BCLO 0 30,0 120,0
ELEVATIONS, MW 0.00 18,18 !0.6f 6,24 5,39 31.54 21,13 28.33
EREERTOD WIDTHEREEEEE
A2 387 .943 972 977 .99 .999 .95f .43
*TY=R{0}"B e A 3,080 64,5016 28,106 31.236 19.702 2.508 12.774 32.Bi2
TW & D, bMe B 78 L4410 L6105 ,580 LEAR 1.0M3 773,574
Eee#eWETTED PER®EEEES
P2 L0000 5,000 1,000 (1,000 1000 LO0Q 1,000 1,000
rHP=R{0)*B @ A 13,180 54,250 20.048 31.0% 19.696 3.204 12,870 32.640
P | D, MM 1 .183 447 B34 590 ,B94 1,028 .788 .585
*##0URF, SHAPE FACT, #+

HPROFILE  * 86 L3273 L5350 L3262 1.000 LABB L 003
*DEPTH + 107 1B .26 .307 208 495 L2344 1.000
CRROVANCE  # L5713 573 L513 L0713 LOT3 L4460, 522 44,549

TIME O IN & OUT  KEAD
HIN L/5 L/8 MM

0.00 0,000 0.000 0.0

.07 3.487 0,000 3.7 Q.0

.22 3,937 0.000. 12.5  B.4 0.0

.74 3,997 0.000 41,8 28.2 258 0.0
2.03 3.997 0,000 94,4 6B.0 B34 57.3 0.0
513 3,997 0.000 1048 Bl.B Bl,4 B3.7 B 0.0
12.73 3,997 0,000 119.4 96.9 98.1 104.0 1045 G57.6 0.0
22,03 3,9%7 0.000 128.1 106.0 107.7 1142 115.3 7.9 76.0 0,0
30,00 3,997 ¢,000 108,9 93.9 99,4 10,8 1147 89,5 1027 94,1
40,002,055 0,000 40,7 31,8 41,9 56.3 B33 900 70,85 E25
20,00 -,453 0,000 23,4 14,9 25,0 35,7 J9.8 22.9 4L9 336
£0.00 -, 055 0,000 8,3 00 7.3 17,5 2L4 a7 21,0 139
70,00 -, 006 0,000 0,4 ¢¢ 0,0 0.0 00 00 0.0 0,0
70- BO “a 005 0:000 000 000 010 Oto 000 an an 0:0

INFLOW VOLUME = B0.44 HH H2/H/H
DRRINEACK VOLLME = 14,12 MM HR/M/H
RUNDFF VBLUME = 0,00 MM M2/M/M
AVE, INFLOW RATE = 3,99 L/S
INFLOW TINE = 30,73 MIN -
AVE, SLOPE = 00018 M/M
AVE. TOP WIDTH A = 21,375
BVE, TOP HIDTH B = 839
AVE., WET PERIM A = 21,236
AVE. WET FERIHB =  ,E72

- AVE, EHAPE PREF = 465
AVE, GHAPE DEPTH = 345
AVE, SHAPE ADVAN = D46
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Table 39. Water surface profile data for Test Number 138, Table 1.

MAC FURRDH DRAINBACK STUDY NUMBER 138
Hl‘.l3 STR No. TIH!IESPERIUDS FUHRUHISE?EING
2 B
STA1 S5TA2 STA3 STA4 STAS STRE STRY7 STA& STA 9 STAI0 STRIL STRIZ
DISTRNCE, M 0,0 50 10,0 20,0 30,0 BRO  30.0 120.0 150.0 180.0 210.0 240.0
ELEVATIONS, MK 30,35 3L51 19.42 32,99 34,33 34.45 48,75 4B.36 42,25 26.95 49.45 0,00
EREEETGP HIDTHEEZFIRE
B2 A8 ,9%0 ,9%% .93 .99 .89 .98 ,938 976 ,957 .92 .982
£TH=A{D}~B # QA 52,628 22,934 30,502 24,262 15.442 11,580 27.5%0 24,922 1B.152 39.844 20,352 10,470
ETH & D, e B .a06  .BBO .587 .40 ,722 ,787 .599 .B2l ,893 .535 .EG6 .79
BERERHETTED PER*ERERE
P2 L000 1,000 1,000 L.000 LOO0 1000 £,000 1,000 1000 1.0 1.000 1,000
HP=A{D}*B ¢ A 52,404 22,895 30,386 24,208 15,470 11,692 27.46Q 24.B10 1B, 144 39,552 20,302 10,602
EMP § D, MMe B 012 671 L5977 .65 736 .BO1  LBRI0 B34 L705 .544 .679 .Bl4
xSUAF, SHRPE FACT, #%
tPROFILE & 95 L1400 L1240 L1320 L1290 171 149 L4330 LA8B 0,335,745 O.000
£DEPTH ¥ 215 .Ii54 L1368 L1845 142 140,134 ,205 ,203 .212 .536 .79
HDVANCE ¢ 1.098 1,098 1,098 1,098 1.098 .B32 1,031 .473 .454 LB34 .720 0,000

TIME O INO BT HEAD
MIN L/s L/S KM

0.00 0,000 0.000 0,0

B3 4,071 0,000 2.2 Q.0

1.67 4.110 0,000 49,2 48,7 0,0

2,82 4,110 0,000 77.4 82,1 85.3 Q.0

4,54 4,110 0,000 B3l 91,8 93.B 759 0.0
11,42 4,110 0,000 103.7 109.3 143,5 103.2 497.9 Q.0
18,70 4,110 0,000 110,35 116.0 126,35 111.2 107.2 90.1 0.0
24.7¢ 4,110 0.000 112,4 117.8 130.¢ 112,38 1441 96.B 76.4 0,0
33.6¢ 4,11¢ 0,000 1214 123.6 1351 120.8 118,8 10,0 928 755 G0
59.22 4,110 0,004 125.1 128.0¢ 139,3 1252 123.3 i16.4 l02.6 88,7 7B.f 0.0
75,92 4,110 0,000 127,7 130,5 141,7 128.3 126.7 121.0 108.1 954 871 733 Q.0
30,92 4,110 0,000 129.1 132,4 143.8 130.3 28,9 123.7 $10.B 98.2 9.5 B2.5 362 0.0
lee. 00 4,110 0,000 130,3 133.2 144.8 131.0 129.7 135,01 112.2 100,3 94.3 B6.7 42,4 53.5
110,00 4,110 0,000 132.6 128,7 146.4 1312 130.0 125.B 1145 10,2 956 91.6 S3.2 B0.8
12¢.00-1,902 0,000 18,0 42,1 BE.2 63.3 71.4 836 B4AQ 82,7 841 9.6 800 9.3
130,00 -, 765 0.000 4,6 23.9 43,3 365 44.3 564 S45 G331 S9.4 669 37.3 686
140,00 -, 033 0,000 0,06 8,3 254 163 2.4 330 301 265 3.0 40.1 10,5 41.B
156.00 -, 008 0,000 G0 00 30 00 00 B85 25 00 L5 55 00 b6
151,20 0,000 0,000 Q0 0,0 .5 &0 &0 56 00 0.9 0.0 L5 00 31 -

INFLOH VOLLME = 114,19 ¥M M3/MMH
DRAIMRACK VOLUME = 9.77 BY M2/W/H
RUNOFF VOLIME = 0,00 HY M2/M/M
RVE, INFLDH RATE = 4,110 L/S
INFLIW TIME = 112,92 MIN

AVE. SLOPE = = 00001 M/
AVE. TOP WIDTH A = 23.299

AVE. TOP WIDTH B = 644 -
AVE, WET PERIM B = 23,159

RVE. HET PERIM B = ,B57

RVE, SHRPE PROF = 273

AVE. SHAPE DEPTH = 248

AVE, SHAPE ADVAN =  ,B10
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‘ Table 40, Water surface profile data for Test Number 139, Table 1.

WE FURRGM DRAIMEACK STUDY MMEER 139
HI!-i 5TR N, TIFEEEPERIEDE FURRTM SPRCING
5

1.016
STAL STRZ STAY STAM SIAS STAG S 7 SIAG STA 9 STATO STAI STIZ SIAIT STAI4 STAIS STAEG

DISTRNCE, M 0.0 50 100 200 300 B0.0 9.0 120,0 150,0 180.0 2100 240.0 2370.0 300,0 330,0 354,0
ELEVATIDNS, KM 23,21 2h10 11,25 304 258 0,00 6.07 359 I3 19.50 20,43 24.48 23,12 la.zl 842 20,98

FHHT0P WIDTH e E2e .
p2 .90 L850 L9M  LU% (%l %87 .94 M6 M7 LR .92 .35 L9 9,9
INEAIDE & A 36,504 93,484 73,432 9.520 16,950 19.278 B.694 22.086 25,386 26,004 25.4% 17.B46 24,638 53,438 23, 3% 1. 460
THEO Mt DT LT LI LBR LTI LBAY LB38 LBR® LB3Y LBIT LBIT  LEB0 L6235 A5 LG B0i
SHAHETTED PERvH-H
R _L000 1,000 £.000 1000 1,000 £,000 1000 1,000 1,000 LO0O 1000 1,000 1,000 1,000 5000 1000
HP=ail}*B 8 A 35,836 932X 73,236 9.70R 17,006 19.254 B.BRA 21,942 25,29 29,507 26,426 19,820 24,606 51, 144 23,204 £.5%
HO 3D, o B .55 L34 398 .a LT B9 L85 LB46  LEX3 .B3  .B3T L6327 .ET7 A% LBS3  Lp12
HSURF. SHARE FACT, » )
WRIFILE + CEBR Q10 M 136 LT 133 LA L3N0 LT LB LBE6 LSED R000 L4595 LJE1 0,000
HDEPTH L] JEI3 L2 L3S L4389 M3 .23 L33 Lp9) M6 389 L3M L3300 L1238 L207  LEQ%
HIWNE ¢ 1019 1019 1,09 L0139 LOI? 849 D48 922 LESS LTHh  LSBW L6990 LIS7 .62 L2656 0,000

TIME D INOOT MERD
WIN LS LIS m

0,00 0,000 0.000 0.0

66 3.7 0,000 456 0.0

1,31 3,997 0,000 48,7 9.6 0.0

2.58 1.997 0,000 62,8 G0LB M3 Lo

3,84 3,937 0,000 757 7192 735 Ta7 0.0

&7 1,997 0.000  85.1 824 85O 957 A 0.0

13,17 .937 0,000 9f,4 @8,3 .7 9.9 851 9.2 0.0

2,27 1997 0.0 73,3 96,2 102 109.8 .4 5102 EL.Y 0,0

20.07 0.997 0.000 1022 93.4 104.8 2.8 0. 1168 100.0 S.9 0.0

3947 L.937 0,000 106.1 03,5 ipd.2 118,56 1061 1237 (094 7.3 GO0 0.0

45,96 3.997 0.000 104.0 {05.5 ({},5 120.9 §08.7 127.1 A2 ,0 757 ALS 0,0

5,76 1397 0,000 £10.6 108.] 1140 2,4 1112 1306 I48.6 BLE B5.5 86.6 E0LA 0.0

68.37 1545 0,000 12,7 10,7 1159 1857 119 13Lp lza.1 E9.5 .3 .7 B8,7 R 0.0

9167 L9937 0.000 $14,9 12,8 1189 123.8 §16.9 377 1a%o 97.0 .3 858 6838 T7L4 BRR Q0
106,97 1.967 0,000 £16,0 §f4.] 120.1 $30,0 1182 1333 129.9 9%.4 10LD 90.9 .d 6.5 8.5 59,7 0.0
§13.07 3.930 0.000 {15, 114,3 1207 130.7 }i1B.B (39.6 130.1 99.4 04, ®,] .3 L4 749 2 MY 0,0
L00 3,997 0,000 E16.7 14,9 20,9 30,7 119.% 1305 352 100.5 03.2 9L4 91,5 B80.3 800 3.0 S0L2 W,?
130.00 L3397 0,000 347,31 {152 12LJ 81,1 119.1 1400 1l0.9 100.9 06,2 4.1 9.6 80.8 8i.4 T4 BLS 510
140,00 1,997 0,000 17,3 i6.2 {21.9 130,56 120.2 145 1IL7 011 Joe.3 953 9X5  AL{ 83.2 8LS 758 G&S
150,00 - 455 0,000 A .0 6.4 BMLE 7Y 110.0 1032 L0 9.2 9.4 .4 857 AT 9.4 G54 758
160,00-5, 49 0,000 |10 22, .3 93,0 564 .0 B34 EL7 764 722 764 721 80,0 7.7 B5.0 TN.B
170,00 -, 424 0.000 L9 4.6 3.9 468 28] 55 4.0 ASE 577 533 519 shE 6] A L0 BLLE
180,00 -, £1R 0,000 0.0 B35 252 371 26 A 53,0 10,7 AM.g IS5 M.5 9 .4 56,4 27 20
190,00 =020 0.000 Q.0 Q.0 3.0 L2 IS8 AT 0.0 184 24T 19.) 250 224 .6 35 111 242
200,00 008 0.000 00 0.0 0.0 LT LI 4 %2 S KT 0.0 L4 0.0 M M7 BT 2,5
206,200,000 0,000 @0 00 00 29 G0 26 %o 00 00 00 0.0 0.6 0.0 o0 00 00

DRAINRACK VILLME = 7,09 M K2/N/K

» BLIPE a 00001 N/M
AVE. TOP NIOTHR = 25791
RVE. TP NEDTH R = .62
> WET FERIM A a 25570
, HET PERIM B = L3
RVE, SHYE PROF = 229
RVE. SH¥E DEPTH = .2M
AYE. SHIPE AVAN = L5048
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Table 41.

Water surface profile data for Test Number 140, Table 1.

MAC FURROW DRRINBACK STUDY NLBMBER 140

ND. STR M. TIHEOF‘ERIUDS FURRDY SPACING

8 2 1.016
STAY STA2 STR 3 STA 4
DISTANCE, M 0.0 3.0 10,0 20,0
FLEVATIONS, MM .00 18,18 15,61 6.24
EESRETOP WIDTHEREEEER:
2 L0987 943 972 .977
fTH=A{0*B + A 13.080 64,516 268,106 31.236
¥H S D, MMe B ,771 441 ,615 LS80
i!th’EITEb PEREERIE
R2 1000 L1000 1,000 1.000
#HP=A{M“D ¥ A 13,180 64.250 28,048 31,036
HP SO MM B L7083 L4477  ,B2% .530
+#3URF, SHAPE FACT,

PROFILE ¢ 336 .291 L83 540
DEPTH ¥ 66 12 L3588 .226
tADVANCE  » 418,418,418 .48

TIEE O INO DUT  HEAD
MIN L/E L/ M

0.00 0.000 0.000 0,0

.03 2,983 0,000 1.4 0.0

12 3,541 0,000 4B 32.2 0.0

.34 3,937 0.000 37,7 49.2 287 0.0

2.48 3,328 0,000 92,2 B5.5 58.8 93,2

223 3.912 0,000 1058 80,5 80,1 2.0

9,55 3.830 0.000 115.7 31,3 90.7 96.0
14,75 3,886 0,000 123.4 93,7 93.4 105,
20,00 3,885 0,000 129.1 104.7 104,54 111,5
30.00 ,076 0,000 68,5 53,4 62,9 B0.8
40,00-2,030 0.000 45,7 322 39.84 54,2
30,00 -, 724 0,000 33,2 21,2 28,5 40.2
60.00 -,233 0,000 25,6 14,3 21,1 3L.8
70,06 - 115 0,000 21,5 10,5 174 27.0
80,00 ~,040 6.00¢ 17,0 535 13,2 226
90,00 -,014 0.000 13,8 0.0 87 7.5
100.00 -, 010 0,000 10,4 0.0 46 13.7
110,00 - 009 0,004 1,9 0.0 00 7.2
120,00 -, 007 0,000 0.0 0.0 0.0 0,0
129,60 0,000 ¢.00OC 0.0 60 00 Q0

INFLOW VCLIME = 48.82 MM M2/M/M
DRAINBACK VOLLME = 25,30 MM Ma/M/H
RUNDFF VOLLKE = 0,00 M4 Ma/MH
AVE. INFLOW RATE = 3,893 L/S
INFLOM TIME = 23,48 HIN

AVE. SLDPE = 00018 H/H

RVE, TOP WIBTH A = 21,37

AVE, TOP WIDTHR = ,B33

RVE. WET PERIM A = 21.296

AVE, WET PERIM R = 672

RVE, SHRPE PROF = 500

AVE, EHAPE DEPTH = 263

FYE. SHAPE ADVAM = 506

STA 5
30, 0
5.33

369
19,702
683

1.000
19.6%
694

.31
155
. 418

0.0
p2.7
33,5

108.3
116.3
91.5
62.9
48.2
38.9
3.6
28.8
23.6
20.1
5.0
8,3
]

STA6 STA7 SIA 8
60,0 30,0 120,0
31,54 2L.13 28.33

.759  .931 .836
2,508 12,774 32.812
1043 775 574

1,000 1,000 1,000
3,204 12,870 32,640
f.o28  ,788 GBS

A3 LTS5 L2480
336,367 L3R
678 .BB2 .922

0.0

6.3 0.0

7.2 7.3 0.0
85,5 96.5 8.4
82,3 1045 96.4
0.0 62,8 617
3.3 533 450
2.5 0.8 32,7
14,3 34,3 @6.2

9.1 28.0 20,3

3.1 20,6 12.5
6.0 15.1 7.9
0.0 6.8 2.4
0.0 e G0
60 0.0 0,0
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b Table 42, Water surface profile data for Test Number 141, Table 1.

MAC FURROH DRAINRACK STUDY MBDER 141
H3, 5TA N, 715579535:}95 FURREH Sg?giﬁs
12
SIR1 BTA2 STAZ S5TA4 STRAD STAE STRAY STRA A STAY STAND STARHY STRI2
DISTANCE, M 6.0 %0 100 20,0 30,0 50,0 90,0 120.0 190.0 180,90 210,0 240,0
ELEVATIONS, WM 30,35 34,0 19,42 32,99 354,33 34.40 AB.TS A7.BB 42,25 26,95 49.45 0.00
FEERETYR HXE)T};{-HH-H
B2 Loe8 L9906 L8954 L,973 ,979 .989 .95 ,938 L9876 ,857  .GR2 .92
fTH=HIDIR & 8 52,628 22,934 30,502 24,262 15,442 [1.580 27,590 24,922 18,152 33.844 20,332 10,570
TH & D, MM B LE506  LBEO LTRY  Le40 L7282 787 ,59% L6231 LB93 ,535 .6BE  .799
SERERUETTED PERXREEER .
A2 5000 1,000 1,000 L0000 1000 1000 1,000 1,000 1,000 0G0 1,000 1,000
P=R{DIR ¢ B 52,504 22,896 30,306 24,208 15,470 11,632 27.460 24,810 18,148 33,652 20,302 10,602
P b, ¥ B 512 BTl LE97 BRSO LT73B .80 LBI0 LE34  L0E ,TA4  LB79 LBl4
#GURF, SHRFE FACT., #&
HROFILE = L0356 L0201 L0848 024 L0300 LIIT LAAS L,2BB L340 395 L7401 LEBZ
*DEPTH * 227 L1334 L 1AT L1900 200 L2339 L1730 L2490 292 L5TF WSRO
HIDVANCE ¢ 6,287 6.287 &£.287 £.287 bB.287 L.7i4 .53 LBBS  LT730  .TA0 7T .BY3

TIME G INQOUT  HERD
MIN LS LS M

0.060 ¢, 000 0,000 0,0
1,81 4,09 000 53,3 0.0
243 4,119 0,000 5B.4 B85 0.0
; 2,38 4 120 0,000 BR2 654 T34 00
; 2,54 4,121 0,000 69.5 637 782 5T A0
b .12 4,131 0.000 %2.6 5.2 6.6 953 87 0.0
9.02 4,145 0.000 97,1 10L5 {148 1002 .8 678 Q.0
15,42 4,161 0,000 106,55 1if.0 24,6 1142 106.3 %50 &LB 0.0
21,52 4,167 €.000 110.4 18,3 1234 15,9 1129 J058 886 L4 Q9
27.62 4,167 O.000 1!15.5 1198 1334 120.9 1i7.4 $iL2 9.¢ 826 6.3 Q.0
34,00 4,167 0.000 120,00 124,5 1384 125,05 I8a.6 I17.7 1049 922 829 &E7 0.0
0,42 4, 142 0,000 I22.4 127.2 (41,0 189,5 (25,8 1216 1f0,0 98,4 Sl BLE 37T 0,0
50,00 4,111 0,000 1257 130.4 44,4 132.4 123.5 1B6.0 1I5.4 1048 100,3 98,9 62.4 08.8
6G.00 4,410 0,000 130,00 1351 46,0 1353 132.6 130.0 20,7 11L9 1158 1166 B4.4 MG
70,00-2,803 0,000 3.8 90,0 73,7 737 829 994 f0f.f 1020 1089 1T BLT7 7.3
B0, 002,028 0,000 20,1 37,9 6.5 &0,2 67,3 821 825 B3¢ 845 9.5 68 946
90.00-1, 468 0,000 17,0 23,7 2.2 48,7 848 609 6.5 670 V3G BL7 Gl.4 B3
100,00 ~. 681 0,000 14,6 25,0 452 40,5 458 35BS 5.3 S6S 623 707 408 T0.9
10,00 -, 361 0,000 1.2 13,3 38.8 35 3.3 ol 486 473 534 6L4 3Ll 6L.3
126,00 - 163 0L000 8.9 7.1 341 262 29,7 4285 0.9 332 &0 &7 23 J2
130,00 -,083 0,000 6.5 136 234 20,0 22,0 366 350 331 3BT 463 162 8.2
140,00 -, 028 0,000 1.8 %2 242 (45 56 3% 286 262 301 3L2 b4 3N
190,00 ~ 010 0,000 0.0 3.8 7.6 & %6 253 2.0 134 2L0 284 0.0 26
160,00 -, 008 4,006 0,0 0,0 10B  LO 27 B¢ §46 142 147 192 0.0 168
170,86 - 007 0.00¢ 0.0 0.0 &5 e.¢ 01 57 LI L3I 2@ 090 A6
180,00 -, 005 0.000 0.0 G0 6,0 .0 L& 00 00 &0 00 6l Q0
183.00 -, 008 0,000 0.6 0.0 0.0 ¢ 00 00 00 G0 Q0 060 0.0

ene
LR N

INFLOH VOLLME = B3, 71 MM Ha3/MIN
DRATHEACK VOLIBE = 20,11 MM M2/H/M
RUNOFF VOLIME = 0,00 MM H3/M/H
AVE, INFLOW BRTE = 4,138 LJ8
INFLOW TIHE = B2 5 MIN
AVE. SLOPE = - 00002 W/H

AVE, TOP WIDTH A = 23,298
AVE, TOP HIDTH B = ,bBA4
fVE, HET PERIM A = 23,159
fVE, HET PERIM B = .0657

AVE, SHAPE PROF = 221
AVE, SHAPE DEPIH = L2533
[VE, SHAPE ROVAN = 1,049
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Table 43. Water surface profile data for Test Number 142, Table 1.

W FURRTM DRAIHERCH STUDY MMERER {42
HJ;SSTFI N TIHE PEREDDS FURPFJJIWO?EH\G

33 v
STA i S1A2 STA) SIR4 STAS STAG6 STA7 SR B STAY STAI0 STATL STRIZ STALD STRi4 STRIS STAlG
DISTRNCE, B 0.¢ 50 0,0 0.0 3.0 EMLO 90,0 120.0 150.0 §83,0 210.0 240.0 2/0.¢ 100,0 130.0 3S54,0
ELEVATICS, ¥ 22.21 el J¢ 1785 At 958 000 6,07 25,5 1432 9,50 20,42 2hLAB 21,12 12,21 A.42 20,98

HHHTP WIOTHeH rees
2,970,851 .9 .95 961,987 964 9,387 972 .385 984
sT=AI0IA + A 36.90-! 94,484 73,492 9.520 16,950 19,278 B.5% 22,086 36,66 26.004 ZEA"S §9. 848 2{ EBE SJ.iIB EJ 355 11,450
STH 0, Wi B ERF 337 L322 AR L,TI0 G631 L,BM LEX? B3 .63 LBIT .30 LBS LABB  .GA2  .BOY
HHSHETTED FERH -
R'2 1,000 5000 1,000 1000 1.000 LOOO 100D LOO0 000 1500 LOOO (000 1.000 1,000 !POO 5. 000
WPRIDFR ¢ A 36,830 93,232 70.226 9,702 17,006 19.254 8,034 2),983 35,292 29,902 26.425 19,498 24,606 51 {44 23,288 15.9%
H9 R D, M B 563 LAl L1238 B .TAD LE9) L85 LB LB32 530 LB27 .62  LBIT L476 LG6S]  .LA12
HIAURF, SHYE FACT. &
PROFILE & L078 L0652 063 059 .03 L2IR L300 W37 L24T TS5 LI6T B9 LA U318 L3R 0,000
+[EPTH 1 L1780 ISS L1568 L4922 L1687 L2l L3700 237 L MBd 0 L IF) 43T 2R LTS AN LE
HOWHCE & 500 2,500 2,500 2.500 2.500 L786 LTI3 LT79 LOAD 509 5588 LBI9 LTB7  LBEY 1.35T 0.000

THE T ING QT HEAD
MH /8 s ™

0,00 0,000 0,000 0,0
f.28 .97 0,000 30.f 0.0
1,69 3,997 0,000 39.7 X599 0.0
22 1937 0,000 2.4 4.9 412 Q.0
2.63 997 0,000 6lL.E 566 61 B5B 0.0
6.17 1.997 0,000 83,0 ThB 7.2 BLA GO Q0
10.47 3,957 0,000 87,1 B8%.0 89,7 95,7 B3 9819 o0
15,67 3,537 0,000 -4 957 97.0 05,3 922 10A7 BAY 0.0
20,87 3.957 0.000 9.8 %.7 fo2@ {¥.1 94.5F iS4 98,6 586 0.0
24,87 3.997 0,000 f0f,7 99,3 {053 143 1023 §20.5 1061 69.3 58.9 (.0
1,66 3.997 0.000 106.0 1041 10,0 119.4 04,4 j2B,5 §i7.3 &8 83,0 G0.5 0
J7.67 3,977 0,000 107.9 105,5 11,6 J2l.3 109.5 3.5 1i9.7 B4 A7 70,9 6.8 0.0
A5.56 3,997 0,000 110.7 {084 1iA7 [2h] 1424 1.5 (218 937 %64 B2 TEB.0 538 0.0
52,27 3,997 0,000 §12.4 109,7 1359 255 (4.1 1360 123 .3 10,6 884 BB 699 KLY 0.0
50,37 3,297 0.000 li4, 1 1.2 157.4 126.9 H6.1 138.3 1297 100.3 04,5 933 B9 T4 TH9 60,1 0,0
61,47 3.937 0,000 1150 119 §i83 1279 §16.9 133.2 1302 100.8 1063 945 Wi BO4 9.1 SN0 414 0,0
70.00 3,991 0,000 3i6.6 1137 £20.1 $30.4 (20,1 42,6 1347 (063 112.0 10{.4 93.9 B&.6 8%4 BL7 7&4 6l4
60,00 3.974 0.000 }17.6 (15! 1204 13L6 1208 {41 (IS4 107.2 14,7 14,2 3051 57,7 4048 1049 {057 652
.00 3,956 0,000 17,7 1fA.2 1239 1354 1227 (AT. 1337 #1255 197 M2 {154 102 1T 1.2 1225 1123
100,002,130 0.000  39.5  43.7 3 .3 7.0 1ih9 1173 93,6 (a5 H10.§ {i5) 1128 Wi 1301 12604 1153
110,00-2,183 0,000 20.6 35} S6.7 TL6 RA.0 MO3,6 1057 BAT7 100.9 L4 1049 102,01 1106 2.7 117 106.5
i20,00-1,627 0,000 22,2 .2 0.2 664 E00 9.7 955 766 f@A4 65,6 .2 8.8 105.0 1050 9.6
130,00-1.139 0,000 )6, 250 A5t §L7 SkLe 653 864 662 79,8 6.7 BLI 7L5 840 546 TSI B4
£40,00 -, 788 0,000 0.8 2l.] 40,1 . L6 TRT 7Y B0 732 Wd TRB TRE 8L.0 %2 BLY .7
130.00 -, 545 0.000 7, 184 3.5 50,1 424 7.0 713 530 K559 631 N7 G6LE TALE 86 79.8 BT
160.00 - 371 0,000 19 (57 X7 456 3I.5 657 €55 458 5.0 S54 609 A1 667 TR2 VA6 6.2 -
170,00 ~, 253 0,000 &7 44 30,3 42,5 13,9 6.7 65L& L6 51.3 48,8 +& 5.8 BOLL 700 G54 5.2
180,00 ~, 162 0,000 (.1 12,5 268 339 23,8 %4.2 6 35,5 47,3 43,7 5.4 ALB 510 60,8 SAA A5
190,00 -.088 0,000 0.0 9.8 2L3 35.2 257 S8 S5LB 300 4A7 B0 413 MY k.6 L) RS .6
200,00 -, 043 0,00 0,0 7.2 0.0 3,3 i 492 473 2230 B9 I B3I RS W0 497 ALY 358
210.00 - 046 0,000 0.0 317 &S5 278 18,0 4,5 437 2.9 0.6 N3 A7 28.0 360 4SS A9 35
220,00 -, 009 0,000 0.0 90130 24,3 4,8 49 M8 1.9 253 2L 252 20.7 282 JLT 1.8 211,
230.00 ~,008 0,000 0,0 0.¢ A3 204 0.6 .1 IS0 12,4 7.6 130 155 L9 199 27,7 2.6 129
240,00 -, 007 0.000 0,0 0,6 E3 f6.5 LI M3 W4 A0 123 AE B4 A0 140 204 12.0 4.0
220,00 -, 006 0.000 0.0 00 00 {3t 331 296 253 a5 66 0.0 4 00 22 AT 00 090
260,00 -, 006 0,000 0.¢ 00 GO 92 o0p 25% 208 00 00 00 00 00 00 00 00 0,0
270,00 - 05 0,00 0.0 0.0 0.0 A4 00 {92 160 00 00 00 00 GO 00 ©0 00 0.0
280,00 -, 005 0,000 00 90 00 00 00 9B LI 00 00 00 0.0 L0 00 60 00 0.0 -
283.60 0,000 0,000 00 00 00 00 00 26 6B 00 00 0O 00 O. 0.0 00 0.0 0.0

JNLIM VILIPE = B, 73 )06 R2/K/R
DRAINGACH VILLME = 17,88 MM R2/H/N
RINOFF VILLME = (.00 MM 2/H/R
AVE, INLOM PATE = 3,588 L/S
INFLOW TIME = 3280 MIN

AVE, SLOPE = .000¢E M/
fVE. TP WIDTH A = 25791
ME, TP UIDTH B = &
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Table 44,

Water surface profile data for Test Number 143, Table 1.

HAC FURRGH DRAINBACK STUDY NUMBER 143

NO. STR NO,
a8

DISTANEE, H
ELEVATIONG, MY

TIME FERIDDS

a8

TRl STR 2
0.0 5.0
0.00 18.18

SIR 3
0.0
15,81

ke TOP HIDTHEERERRR

R*2

.987 .93 .92

1.016
STA 4
20,0
6.24

77

FURRDM SPACING

518 5
30,0
5.33

» 969

5TA6 5TA7 5148
60.0 20,0 120.0
d1.54 21,13 28.33

L33 .95 836

¥TH=RID}*E @ A 13.080 B4.5i6 28,106 31,236 §9,702
#TH & D, ¥i¢ B Ll .48 615,580 L.BB3
FERLEWETTED PERFEEERE
Re2 000 1,000 1,000 1,000 1,000
*HP=A{0}*B # A4 {3,180 64,250 20,048 31,096 19,696
EHP A D, iMe R L83 L4477 624 .39  .694
exSURF, SHRAPE FACT, ##
®PROFILE & 212 L3404 ,368  L363
£PEPTH ¥ 143 .C35 .23 .o48
HDVANCE & h83 .683 .63 ,BB3

TIME O INQOUT HEAD
MIN L/5 L/5 MM

0.00 0.000 0.000 0.0
.08 L7531 o000 3.3 0.0
23 4,167 0,000 9.2 B35 0.0
.B4 4. 167 0,000 25.5 5.0 6.5 0.0
1,15 4,167 0,000 46,1 325 29,9 23,3 0.0
4,32 4,167 0,000 100.0 75,5 740 7.0 7.0 0.0
8.92 4167 0,000 (I2,5 90.1 B89.0 945 936.6 U477 0.0
12,02 4,167 0,000 117.5 959 950 00,2 1025 654 99.8 Q.0
20,00 4.167 ¢.000 127.3 107.1 107.1 112.1 1148 853 98,7 89,2
30.00 -, 802 0,000 EB1.B 47.7 546 7.8 8LA TL.5 349 0GB
40,00-1,576 0,000 415 27.5 34.3 47.4 .5 6l.2 540
50,00 -, 455 0,000 30,7 17,3 2%L6 348 ALY 26,2 45,3 370
60,00 - 143 0.000 22.2 11,4 17,2 @266 37 148 34B 25,9
76,00 -,046 0,000 (5,7 S.3 i, 24,8 265 7.9 264 1B6
80,00 -, 008 0.000 11,1 0.0 635 162 220 1.8 20,3 12.8
90.0(\ _-005 00000 0;0 000 c.l BaB 1208 0-0 10-5 305
100.00 -, 004 0,000 0,0 .0 G0 0.0 7.2 0.0 2 0.0
108,00 -, 002 0,000 0.0 O00¢ 00 00 00 00 00 00

2,508 12,774 32.812
1,043 775 .574

1,000 1,000 1,000
3.204 12.870 32.640
1.028 ,788 .585

L1300 367 L 347
A3 L35 .5
.529 .94 .T79

237
.203
683

INFLOW VOLUME = 50,15 MM H2/M/M -
DRAINBRCK VOLIME = 25,15 HN M2/M/M

RUNCFF VOLUME = 0.00 MM H2/M/M

AVE, INFLOW RATE = 4,166 L/S

INFLOW TIME = 24,40 HIN

AVE. SLOPE = 00018 H/M

AVE, TOP HIDTH A= B21.375

AVE. TOP HIDTH B = ,B59

AVE. WET PERIM B = 21.236

AVE. WET PERIM B =  ,E72 -
AVE, SHAPE PROF =  ,383

AVE. SHAPE DEPTH =  ,302 ’

AYE. GHAPE RADVRN =  .622
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Table 45,

FAC FURRDY DRAINERCK STUBY MUMBER 144
FURRDY SPRCING

NO. 5TA
12

DISTANCE, M
ELEVATIONS,

R

24
STR |
Q.0
30,35

.328

FEERETOP WIDTHEREREER

ND. TIHE PERIDDS

5TA 2
5.0
31.51

<370

TH=A{DI*R & A 02,623 22.934

¥TH § D, M¥r B

R*2

. 206
1.000

R ERETTED PEREREERE

660
1.000

HP=RMN)~B ¥ A 52,404 22,856

€ § D, W¢ B

#15lRF. SHAPE FACT.®x

PROFILE %o
EPTH E
HIDVANCE ¢

TIME @ IN B DUF
MIN L/S L/S

0,00 0,000 0.000
1,34 4,145 0.000
1.64 4,176 0,000
2,01 4,178 0,000
2.26 4,180 0,000
6,85 4.195 0.000
8,15 4.213 0.000
14,85 4.223 0.000
18.55 4.224 0,000
24.05 4.224 0.000
33.15 4,224 0,000
40,15 4,224 0.000
20,00 4,225 0,000
60, 0¢ 4,224 0.000
70.00-3,678 ¢, 000
80, 001,655 0,000
90: 00 “'SBE 0:000
100,00 - 466 0.000
110,00 -, 202 0.000
120,00 -, 073 0.000
130,00 -,012 0. 000
150,80 -, 007 0,000
150,00 -, 006 0,000
§53.00 - 005 0,000

INFLOW VOLUME

DIRAINBARCK VOLIME

RUKOFF VOLUKE

AVE. INFLOW RATE

INFLOW TIME

AVE, SLOPE

AVE. TOP WIDTH A
AVE, TOP HIDTH B
AVE. WET PERIM A
AVE, HET PERIM B
AVE, SHRPE PROF
RAVE, SHAPE DEPTH
AVE, SHAPE ADVAN

512

A73
250
3. 443

HEAD
M

0.0
51,0
50.2
61,4
£6.4
£8.9
32,0

102,35
106.7
110,56
116.7
118.3
12a.2
53,0
ar.4
13,6
13.1
]

B.6

1.2

0o

0'0

0.0

0,0

oW oo oo oW ou s

671

» 045
156
3. 443

Q.0
92,9
£4.7
2.6
93,5
99.5

109.5
113.7
118,5
124,0
i26. 3
130.1
111.4
48,9
33.3
32,4
&7l
22.8
15.9
11.2

3.2

2.0

0.0

644

23,139

657
342
.319
997

1,016

STR3 STA4 5TAS STAG STA7 STA A G5TA 9

10,0

20. 0

30,0

19,42 32,99 34,33

354

lg73

973

30,502 24,262 15,442

. 587
f.000

30,386 24

.097

038
131
3. 443

0‘ 0
70,3
79.1

106. 4
109.8
120,9
124,8
129.4
135.4
138.2
i41.2
129.7
67.4
36. 1
48‘ 4
41.8
35.6
23.7
22.6
ig.2
2.8
0.0

£3. 12 MY W2/MA
18,07 WA H2/M/M
0.00 MM H2/%/H
4,219 145
60,80 HIN
- 00001 M/H
24.293

. 640
1. 000

L0409
.163
3,443

Ay
56.4
.1
95.6

1074
111.3
116.5
121,2
124‘ B
128.4
§23.5
64,2
|
41.9
33.1

1900
i1.2
2.6
0.0
0.0

722
1,000

.208 15,470
B30

. 136

L0329
204
3.443

0.0
85.3
90.4
104.3
108.5
114,1
]lgla
123.2
126.4
121.5

73.5

48.0
38,2
EB‘ 7
ed.2
12,9
4.8
a.0
0' 0

0.0
34.45

.903
11,580
. 787

1. 60
11.632
801

L0715
174

2,335

0.0
99,7
33.1
7.5

107.8
114.8
119.2
123.7
125,9
89.6
72.8
6l.1
50.2
41.5
24, 4
26.2
i7.5
6.7
L]

0.0
48,75

958

120.0
48.36

.338

27,530 24,322

.599
1.000

.62l
1,000

27.460 24,810

.b10

.398
287
473

0,0
64.6
80.6
91.5

101.5
1071
113.4
119.0
90.8
72' 7
60.9
49,1

3. 1
23.6
14,5
3.4
0o

+b34

214
215
1.003

0.0
61.7

B8, !
5.0
ie2.8
111.2

73,5
el.2
48,2

29.6
20.8
1.0

0,0

Q.0

1500

42,25

.376

STA10
180.0
26,53

357

18,152 39,844

.692
L 00

#9233
lﬂ(m

18.144 33,652

105

. 840
.o89
702

0.0
47.3
78.9
B8a.3
3.3

$10.4

81.6
67,6
53‘7
44,5
35(2
25.6
5.2

0.0

» A4

1. 000
.943
480

0.0
81,2
B0.E
98.7

114.1
107.6
30,6
76.2
£2. ¢
o9e.2
42.8
33.2
2i.7
749
0.0

Water surface profile data for Test Number 144, Table 1,

STAY
210.0
49, 53

. 962
20, 352
. 666

1.000
20, 302
.673

. 767
#9535
597

0.0
33.4
bd.2
g5.2
73.5

48.5
33.3
2d.2
13.5
4.6
0.0
0.0
6.0

STAI2
240.0
0.00

.382
10,470
.79%

1,000
1. 602
L814

.691
l‘w]
613

Q.0
31.8
i16.4
109, 4
90.7
76.3
2.5
2.9
42.6
33.3
c2. |
W7
000
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Table 46, Water surface profile data for Test Number 145, Table 1.

N FURROH DRATHBAEK STLDY MURTER £45
£-'.liBSTH 1. TI¥E PEAIGDS  FURRTH SPRCIMG

3 1, 016
5TA3 STR2 SM3 STA4 STRS5 SIAG STRY 5TAB STA9 STAIO STALY 5TAi2 5TA13 S5TRis STAIS STAME
DISTRECE, M 0.0 50 100 20.0 30.0 60,0 50,0 §20.0 §Z0.0 160.0 210,0 2400 gi0.¢ 300.0 130,0 34,0
EEVATICSS, K EEI 2510 17,25 304 958 000 607 3595 18,37 1350 20.42 24,48 2Li8 1221 842 20,98

HETOP ummumu
re 970 Bl .81% 956 %50 ,937 %64 946,957 32,912 %85 %8 .57 .11 98
HRIDIZE + A 35,504 95.483 70,452 9,520 16.950 13,278 8.E34 22,086 26353 76,004 26,456 19,846 A, &88 53,418 23,336 11,460
5TH4 D "¢ R P27 T 1 R - < BT k= i Y- TR - R Y T +BI9  LBIT .BAD 525 L4 LE42  LB0)
HHHETTED PEAME44E .
2 L0000 L0 4,000 1000 LODD LOO0 1,000 1,000 1,000 LOO0 1,000 LOO0 LO00 EOOO £.000 1,000
uDA(“B + A4 36.830 58,22 73,226 9.702 17.006 19,254 6,534 21,582 26,52 25,902 26,426 19,828 24,606 51, 146 21,204 11.5%
weopn Mit R LE6) L3AE L3980 .BA% L TH0 L6833 LBST LB LET1 630 .87 L.6R  L,B3? LN .B53 LB8i2
HEURF, SHAPE FECT. &%

HIRCFILE  # 225 L 130 L1B5 L7000 L246  L226 L2S54 SR 447 LAE9 LTB4 L5191 55 LTI 0.000
#DEPTH + 235 L1930 R L76 L2F5 (U720 LBM1 .29 L2982 L35 LASE L387  .25§ A1 616 537
HIVRCE  # 4,03 £.036 1.035 1035 1036 .783 9% LSAf .00 784 LGRS .709 LB3Y L7138 LBFT 0,000

THe 0 fHO QT HEHD
MIH /S LS
0.00 0.000 0.000 0,0
$37 W3 0000 363 0.0
+73 4,054 0,000 42,6 353 0.0
142 4,055 0,000 439 4] 19.0 0.0
2.10 4,037 0.000 557 49.7 .8 W9 0.0
.70 4,062 0.000 76,4 73.3 76.3 8.7 6.0 0,0
9.70 4,071 0,000 83,0 B0.6 B50 933 747 &1 0.0
i.10 4,080 0,000 83,9 £5.) 9.7 3.7 0S5 553 6B QO
13.50 4,032 0.000 94,4 G4 987 107.5 953 11,0 941 SA2 0.0
95,20 4,406 0,000 933 97,0 J02.9 I3 9.6 1iB.3 1.8 E8.0 EO.3 0.0
H0.80 4,102 0.000 10L,1 9.3 1058 {I5.0 (2.7 i%.5 0.3 761 ThE 492 0.0
.70 4,00 0,000 1039 1026 105.0 {182 067 1275 7.2 M43 B6.6 6.8 EO.2 0.0
45.67 4,075 0.000 1057 (046 1§53 120.6 }03.4 130.9 120.9 0.2 935 78.8 1.3 5.3 0o
SL42 4,063 0,000 307.7 106.3 {127 1229 1,4 §IL} 1237 .0 9B.2 B6.5 6803 B4, 4 A3 0,0
053.80 4,054 0.000 109.5 108,8 }15.3 12,2 113.0 35.5 i%6.5 97.4 102! 9.2 611 9 7.8 5.5 0.0
BLT0 4,053 0.000 102.9 108,9 H§5.5 1248 1140 (3.8 128.5 99.7 [04.1 914 90.4 b W3 66 I 0.0
70.00 4,053 0,000 131} 10,0 116,3 126.6 1157 13a.2 122.9 10L.f 10A.G %.8 944 829 8.9 .0 675 ST
80,00 4,053 0,000 1.0 13L3 377 1235 {17.2 $39.9 135 14,2 (40,2 $00.f 9.5 %1 %] S5 957 dL)
90,00 4,053 0.000 17,0 112.7 12L.B 128.7 119.2 142,5 i35.6 1081 1158 105.0 0.7 02,4 1od.4 16,8 113.5 0L6
100,00-1.419 0,000 352 467 E6.3 824 TLS A4 1153 5.6 109,7 §05.4 §03.7 106.5 A4 246 §20.6 0.4
§10.00-2,2%0 €.000 258 J.1 S4.1 6X3 63.5 54.0 J0.4 7.8 937 €9.5 T2 F.6 1004 OB 1073 934
i20.00-1.424 0,000 {A.7 310 469 E3,) 553 RB.5 69.0 69.6 8Lt 8§,2 &850 BL7?7 8%} 7.0 %7 @58
112,00 -, 917 0,000 13.8 26,1 42,2 %5, 48.3 80.2 GBl.1 6l.4 TA.3 Th0 5.7 .2 gk R 86 TS
140,00 -.5/4 0,000 109 20,9 354 49.7 ALY 7.9 3.0 A4 647 B2.1 667 BLO 7.0 B2 TVI.! 584
130,00 3% 0.000  8,f (L4 0 M6 X0 653 E5i AT ST 5.5 54.7 854 BLO 72,6 69.5 &8.2
160,00 -, 192 0.000 50 (54 29.0 M6 35,2 E0.1 8.6 32 500 66 506 469 S5 BhLE 22 0,2
170,00 -, 103 0.000 LB 43,5 244 355 258 55.5 541 3.4 AL5 40 A4B .7 43,5 B8 56,4 kB2
180,00 -, 032 0,000 0,0 5,3 .2 3L9 2. 43.0 46,9 247 W3 IS5 IS .3 421 Sh0 431 383
¥.00 -,009 0,000 0,0 L4 4. 8 16,2 AA6 M7 20,0 28,7 258 NI 2N4 M 6.0 2.3 o
200,00 - 005 0,000 0.0 00 7.7 L3 LT A4 X0 16,2 20,4 6.8 21.9 .3 26,7 1A 331 23
20,00 -.004 0,000 00 0.0 20 §5] 58 353 3.4 $0.6 lag 0.2 132 TT 1.5 261 223 11,5
220.00 -, 003 €000 0,0 0.0 6,0 . L.t N 0 MO B3 B 2 00 95 6.5 99 00
230,00 -,004 0,000 00 0,0 0.0 45 0.0 23,8 190 0.0 A0 00 00 0.0 .S AR 00 00 -
240.00 -,003 0,000 0.0 04 0.0 00 0.0 53 LB 0,0 0.0 00 A0 0.0 A0 0.a 0.0 00
£4.00 0,600 0.000 00 00 00 00 00 .6 56 0.0 0.0 0.0 00 0,0 0.0 0.0 00 0,0
240.200.0000,000 0.0 00 0.0 08 0.0 15 55 0.0 0.0 O 6o 00 00 00 0.0 0.0

fHFLEN VOLLME = B, 64 M W2/M/N
DRAIMENCH VILLME = 54,88 MM K2/ N/

RMOFE VILINE = 0,00 M M3/H/N

FVE. INFLDM RATE = &.069 L/S

INLOd TIRE = 9LT5 MM

RVE. SLOPE = 00001 WA

RE TP HIDTHA = 25,198

RE T NIQTHB » L E2% -
FVE, WET PERIR R = 25,573

RVE, WET FEAIBE = BN

RE, SWEPRF =, 738

RYE, IHOFE DEPTH = 237

AVE SHPERDVIH = 795
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Table 47,

Water surface profile data for Test Number 146, Table 1,

HAC FURRCH DRAINBACK STUDY MUMBER 146
N, 8STR KO, TIH?EFERIE]DS Fl&RRﬁHISERgZNG
g (H
BTA1 52 STR I STH4 STARS STAG6 SIA7 &4
DISTANCE, H 6.0 5.0 10,0 20,0 300 BO.0 90,6 120.0
SLEVATIONS, MY 25,83 35.26 9.45 2,09 0.0 1670 488 [.%0
£ee£v 0P HIDTHEEFEERE
e 981 .493%  ,9B8 9% ,333 .99 9”7 L873
TW=R{I”B *# A 49,362 51,506 17,874 27,560 34,364 47,240 34,314 29,930
¥ 4D, W B ,511 516 LBB3 .BO4 .556  ,Sif .50 544
e ETTED PEREREFEE
A2 L0000 4,000 1,000 £.000 L.000 1.000 1,000 £, 000
#HP=RIDI*B ¥ [ 49,306 Gl,414 17.862 27,405 34,132 47.074 34,146 29,834
WP & D, MM¢ R 346 B3 L6887  .B16 LEIRE U518 LS60  LB00
®#5URF, GHAPE FACT. **

¥PROFILE  # L1237 L33 LE82 L392 A3 LA LA3S 521
£JEPTH ¥ L0760 ,217 LI6S L1750 .28 L2710 L3E0 .19
EADVANCE ¢ JB99 999 .53 599 U553 LA14 LG9S LGGE

TIME O INGOUT HERD
HIN L/8 L/S

600 0,000 0,000 0,0

06 3516 0,000 2.0 40

L20 4,003 0,000 6.5 A2 0.0

B4 4,003 0,000 26,6 132 184 0.0

1.35 4,033 0,000 40,6 35,0 382 34! G0

7.48 4,052 0.000 95,9 73.7 10L.¢ 1043 940 0,0

14.48 4,033 0,000 {06.1 86.2 1141 1189 1109 87 0.0
23,88 4,053 0.000 1021 45,8 112 $2L,1 {167 100.7 90.7 Q.0
30.00 0,000 0,000 73,7 57,1 85,6 922 877 7.6 902 900
40.00 0,000 0,000 S4.2 373 66,0 72,7 687 36 753 7869
$0.00 0,000 0,000 48,2 21,7 §0.2 56,8 528 441 5%.4  60.9
£0.00 0,000 0,000 46,0 7,2 35,8 42,5 384 29.7 43.8 45,6
70,00 0,000 0,000 43,5 0.0 20,1 268 21,5 9.8 247 285
80,00 0,000 0,000 39,2 4,0 A W6 LI 00 60 105
20,00 ¢.000 0,000 147 G0 090 00 0.0 GG 0,0 0,0

INFLOY YOLLME 58,12 MM H2/MH

DRAINBACK VOLLME = .02 BY M2/M/H

RUNGFF VOLUME = 0,00 MM M2/M/H -
RVE, INFLDW RATE = 4,052 L/S -

INFLEH TIME = 24,513 HIN

YE, SLOPE = - Q0015 M/

RVE. TOP HIDTH B = 35,548
AVE, TOPHIDIH B = LGB0
AVE, HET PERIM A = 35,440
AVE, WET PERIN B = 520
AVE, SHAPE DROF = 338
AVE, SHAPE DEPTH = , 201
AVE, SHRPE RDVAN = 519

; &
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Table 48. Water surface profile data for Test Number 147, Table 1.

KAC FURROW DRAIMBACK STUDY WUMBER 147
N, STR NO, TII-‘PEmPERIUDS FUHRUHISE?EINE
12 .
STA1 STR2 STA 3 STA4 STRS SYAG STA7 STAB STR 9 STRIG STALL STAlZ
DISTANCE, M 60 5.0 10,0 20,0 30,0 BG.0 30,0 20,0 150,0 1B0,0 210.0 240.0
ELEVRYIONS, MM 39,69 30.B85 23,27 18.85 1B.20 22,61 3550 24,73 26,50 22.86 P20.61 0,00
FEFRETOP WIDTHERFEEEE
R*2 .987 ,987 .983 .986 .989 ,935 906 .952 .993 .562 .99 .988
tTH=R{D}*E + R 34.978 44,156 23,864 33,426 16,330 24.424 43,308 4,778 12,690 14,906 18.722 31.904
sTHED, e B .22 ,9%3¢ 585 .57 .72 .E829 .50 ,9%5 ,767 .731 ,679 .586
EEHEAHETTED PERERERRR
B2 LO00 Lo 1,000 OO0 1,000 1,000 L.0C0 1.000 f.000 1,000 L1000 1,000
#HiP=A(D}"B + A 34,918 44,038 23,770 33,316 16.438 24,378 43,748 S5.17B 12.78B 14,958 18,722 31.Bl6
P & D, MM B ,O/9 26 .595 .026 .740 B33 .5i2 .9R3 .7BO  ,744  LB92 ,594
#25URF, SHAPE FACT. =
fPAOFILE  + L0700 ,039 .03 L036 085 L3173 .B20 ,303 .1B6 ,417 .746 .59
_¥DEPTH L4 .cal .13 ,13¢ ,128 153 .28 ,b193 .153 .13 L3110 .383 L300
" HIDVAKCE = 3.5/5 3575 3575 3.975 3,575 1,372 L3110 .50 .9B4 L7652 703

TINE G INGOUT HEAD
MIN L/5 L/S Md

0,00 ¢,000 0,000 0.0

1,69 4,033 ¢.O00 37.2 Q0

205 4,003 0,000 452 539 .0

2,43 4,053 0,000 ©4,8 ES5 650 Q.0

2,79 4,033 0,000 60,4 73,3 72,8 66.7 0.0

6.23 4,053 0,000 75,1 90,2 935 9.1 834 0.0

8.38 4,033 0.000 80,1 953 9.1 96.5 97.8 491 0.0

21,13 4,003 0,000 93,3 109.1 $13.3 1144 1154 97.3 9.3 0.0

32,93 4,041 0,000 99,2 1148 1135 120,84 121,2 10,9 {089 BG5S 0.0

39,63 4.021 0,000 101,99 18,1 123.B 124,4 1248 1136 113.6 93,6 64O 0.0

48,73 4,005 0,000 106.9 124,0 128,7 130.3 26,5 116.4 1164 104,88 BO.7 6.9 0.0

62.93 5.B42 0.000 99.7 1161 22,2 1249 22,9 119.0 1i9.¢ 109.3 9i.1 72,8 569 Q.0
70.00 ¢, 000 0,000 72,1 BB.6 94,7 98.1 966 9.6 946 96,7 B7.7 BO.L7 6BRB  70.]
80,00 0,000 0,000 48,8 59,6 6E5.6 692 729 7.6 70.6 734 652 BOS 53,1 64,5
90.00 0,000 0,000 33.0 44,4 50,2 541 57,2 0557 O55.7 GS3.7 50.4 AB.6 41,3 48,5
100,00 0,000 0,000 24,1 35,2 4l.2 45.2 458 436 43.6 46.6 341 J2.1 9.7 34,7
il0.00 0,000 0,000 8,9 20,5 268 31,0 350 339 339 382 2.5 20.2 11,7 183
114,60 0.000 0,000 1,4 110 160 195 2.3 3.3 193 20.6 62 37 Q.0 7

INFLOW VOLIRE = B1.82 MY M2/N/M

DRAINBACK VOLUME = .02 WY H2/M/M

RUNOFF VOUUME = 0,00 MY M2/H/H

RVE, INFLOW RATE = 4,027 L/§ )
INFLCH TINE = 52.38 MIN

AVE. SLOPE = - 00006 M/H

AVE, TOP MIDTH A = 23,351

AVE. TOP HIDTH B = .62

RVE. WET PERIM p = 23.216

AVE. WET PERIM B =  ,GG4 -
RVE, SHAPE PROF = 243

RVE, GHAPE DEPTH =  .213
RVE. SHAPE RDVAN = B9
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Table 49. Water surface profile data for Test Number 148, Table 1,

WL FURRCH DRATHRACH STLTY MMKEER 148
H0. 5TR . HIE PERIODS  FURRDM 96"1!6:!}6
]
ETR} STA2 §TA3 5TA4 5TAS STAG STA7 STAB SIAD STAI0 STAY STANE STAI3 STAI4 STAS STAIE
DISTRACE, W 60 5.0 10,0 200 30.0 E0.0 90,0 (20,0 1%0.0 §60.0 210,0 240,40 270.0 300,0 130,0 I%4,0
ELE‘:'RT!JIE, Boo22,42 1207 16,71 %51 LEE 000 LB 22,99 1MB9 T.75 234 §7.08 10.17 §9,55 B 18,73
HHATE NIDTHE R e '
SHE 984 318,942

R2 _.9H L9 LOST LBH 564 . 988 L9756 ,95F .38 ,985 ,9h7

AR & A 1).390 20,234 52.9.:8 2'5.100 104 19.70‘ 25.585 45.340 23,616 57, 152 E6.616 49,688 12,844 27,810 {8,276 19,410

€W i D, W B AR 478 AR BT L35 671 LB3F L5120 (596 4% L2391 LEan LBl L T05 L682
VHHHBETTED PEREHEH

A2 1,000 £,000 1,000 1000 1,000 J,000 1.000 £.000 1,000 L.OO0 1,000 L.000 1.000 {000 1,000 {000

HO=R{0)p v A 71,270 £0.070 62,726 26.072 10,954 19,643 25.032 49,196 29.538 54,094 66,310 49,532 33,60 2T.750 18,296 19, 444

HP §D, mie B 436 485 438 LBX5 .59 LB35 .639 .S19 .EOS LAB3 L4300 L4958 537 LA L7I6 .69
WSURF, SHAFE FACT, #

HRFILE * LJ0F 074 078 L1000 L1039 LOO0 L5231 L5131 .BIA LB LAB3 LT .AB2 LS54 L1% 0.000
1DEPTH ) .28 0% .01 127 138 LET2 LS 284 LAB0 LJ90 L3 L39S .20 .2 L136 LBM4
HIVRCE v L2639 1,289 1.269 L,269 K269 400 LBON 53 .7A9 LMT L2001 5SS 430 LIS LT07 0.000
TIE DINQOQUT "ERL'I

MH LB LS

0.0¢ 0,000 0.000 0,0
.82 4,012 0,000 J{.2 0.0 '
1,42 4,053 0.000 53.9 5.9 0,0

1,83 4,033 0,000 B9.3 T7.0 855 0.0
3.33 4,053 0,000 73,8 F.0 &5 TL1 6.0
1.93 4,053 0,000 819 4.0 84,8 755 5%E 0.0
10,58 4,05 0,000 93.6 106.7 93,7 9.8 97,1 63.3 0.0
I7.68 4,081 0.000 9.} i2.2 [OS.T 0S4 1059 965 8.9 0.0
26,48 4,033 0.000 103,86 1i7.3 ifl.2 HLE 113,31 09,2 1061 €20 0.0
JL78 4,047 0.000 1069 $20.6 $5A6 57 198.0 §16.3 HLo Ve A BT 0.0 .
47.68 4,034 0,000 110,56 {2b.1 HB.1 19.9 1223 217 120.8 92,5 852 £9.2 0.0 /
.68 4,029 0,000 12,4 £26.0 120.} 21,7 J2%.5 [2A.0 1214 9L9 50,8 TLO 458 0.0 {
72,18 4,080 0,000 14,6 124,3 §22.9 125.1 128.0 1264 1206 93.B 97.8 BS.E 59,7 4.4 0.0
,08 4,060 0,000 $16,7 130.2 1250 f2T.7 §3f.f {38 JXL5 §05,0 1047 9.9 E8,5 L4 B 0.0
115.88 4,101 0,000 19,0 {32.6 21,6 130,68 1Ji.9 134 134D 100.0 1029 54,1 TA.0 ES5.B BR4 4.6 0.0
121,98 1.750 0.000 1066 120.1 157 I2L.0 1230 127 3.0 jo6.2 1088 53,4 75,6 £A.5 ILI 0.7 LT 0.0
130,00 0,000 0.000 97,5 i1t 4 1074 $[33 1161 1228 1234 oAl 104,41 9A.2 TR6 68,7 T2 SI.6 ALS 18,3
140,00 0,000 0.000 £3,6 BL7 79.4 BLE 687.9 97.8 l08.4 869 9.5 AT £9.3 1.1 5.7 64 A2
150,00 0.000 0.000 42,8 &L9 TL9  65.2 .8 73,4 6.2 EEE6 7.0 £9.3 S35 ST 629 Sl.i 569 AG.G
i60.00 0,000 0,000 X7 46,9 427 AT 5,9 A0 VL) 476 %57 52, 355 M3 48 39.2 465 34.B
110,00 0,000 8,000 J8.0 3.9 273 3.4 359 452 545 27,7 L& 10,1 104 9.3 189 T4 i3 8.8
§60,00 0,000 0,000 1.6 8.4 {03 7.5 2% 3.8 405 90 431 S2 00 00 QO 00 00 0.0
190,00 0,000 0.000 0.0 .8 00 24 &3 9 205 00 00 00 60 00 00 00 00 0.0
200.00 0.000 0,000 0.0 00 0O OO 00 00 00 00 0.0 00 G0 00 00 00 00 0.0
20.400,0000,000 0,0 00 0.0 00 60 00 00 00 00 00 00 O .0 o0 00 00
INFLDY WLIPE = 3500 KN K2IA/N
DRAINGACK VOLLEE = «, 00 MM M2/H/N
RMMOFF VILIWE = 0,00 96 K2/
AYE, JNFLGH RATE = 4,062 L/S -
INFLOH TINE = 126,92 NIH
RVE. SLOPE = ,00002 M/M

FVE. TP HIBTK R = 37,105
fWE, TOP WIDDH B = 549
FWE. WET PERIN A = 36,882
AVE, \ET PERAIA B = 358
AVE. SHIE PROF = 429
RAVE, SH¥FE DEPTH=  ,293
RVE. SHAPE RDWH = 789
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‘ Table 50. Water surface profile data for Test Number 149, Table 1.

MAC FUAROH DRAINBACK STUDY NUMBER {49
NO. STR M0, TIME PERIODS  FURACW SPACING
B 28 1,016
STR: STR2 STR3 STAR4 STAS STAG6 STAY7 SIRA
DISTANCE, H 0.0 5.0 10,0 20.0 30,0 6£0.0 900 120,0
ELEVATIONS, M 24,83 36.26 13.45 2,09 0,00 1670 4,88 £.90
EERETOP HIDTHEEREXEE
2 .38f  .,33% ,988 .994 ,923 .9i19 .97 .873
#TW=A{D}"R & B 47,352 51,506 17.874 27,540 34.364 47.24B 34,314 29,950
W & D, Me B ,511 .51 .BB3 .64 .S535 .O11 .ES0 ,E
»EREWETTED PERE#EEHE
A2 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1.000
s$0=0{01"B + A 49,306 S1.414 17,862 27,406 34,132 47.074 34.1456 29,834
P £ D, MMe B .56 ,521 .e97 .Bl&E .566 D18 .SGO GO0
##5URF, SHAPE FACT. &+

fPROFILE ¢ L077 .4%8 .33 .32 538 .15 240 513
#DEPTH 4 L6 275 ,202 194 333 L1320 .13k 009
HADVANCE  * LB00  LEOD  LBOO B0 ,EO0  (B37 568 LOG3

TIME © IN 0 OUT  HEAD
HIN L/ LS M

0,00 0,000 0,000 0.0
L7 3,605 0,000 446 Q.0
.22 5,110 0,000 3.2 6.4 0.0
.69 4,110 0,000 44,2 20.3 2.7 0.0
1,35 4,110 0.000 86,9 39.9 S5A.3 95. 0.0
7.38 4,110 0,000 93.¢ 725 935 1030 938 0.0
_ 11,90 4,110 0,000 105,0 82.7 {10.6 1165 1069 8&3 0.0
19,88 3,426 0,000 92,9 74,3 1030 110,3 1045 90,3 90.2 0.0
k_ 20,00 0,000 0,000 92.4 73,8 1024 1033 103.9 0.1 904 £EV.1
30.00 0,000 0,000 7{.0¢ 540 82,9 B89.5 B854 773 947 95.3
40,00 0,000 0,000 64,5 49,9 80,1 81,8 801 7.6 B8,0 BA8B
50,00 0,000 0,000 £2.2 44,0 73.3 80,5 75.0 667 826 842
50.00 0,000 0,000 57,6 40,3 68,9 761 709 623 785 £0.1
70,00 0,000 0,000 53,9 356 644 7.5 656 SNLD 7.6 748
50,00 0,000 0,000 49,5 31.0 9538 665 61.3 53,1 63.3 VG0
90,00 0.000 0,000 46,5 25.7 %47 61.8 57.0 43,0 659 673
100,00 0,000 0,000 43.5 23.2 51,3 =8.0 52,8 449 610 6L5
110,00 0.000 0,000 40,7 7.3 4.5 S53.6 48.8 4l.) G566 55,7
120,00 0,000 0.000 37,5 141 431 49,7 44,4 359 50.4 57
130,00 0,000 0,000 31,9 7.8 35 440 40,0 32.9 45.B 4L6
140,00 0,000 0,000 27,5 2.8 3.4 38,9 H.8 2.4 40,0 4.3 -
150,00 0,000 0,000 226 00 27.1 36 30,0 228 A0 4
160,00 6,000 0,000 20,2 0.0 23,7 283 250 17.6 26.9 287
170,00 0,000 0,000 15.2 0.0 168 227 19.5 1.5 19,6 2L5
180,00 0,000 0,000 12.§ 0,0 I1L.7 151 141 34 1&2 155
130,00 0.000 0,000 &2 0.0 43 83 87 0¢ 30 1.7
200,00 0,000 0,000 0.0 00 00 L5 1.7 0O 40,0 &0
200,40 0,000 0,000 0.0 00 0.0 1.3 5 o0 00 3.8

INLOY VOLLME = 37.54 BM M2/M/H -
DRAINDACK VOLLAME = 07 Mt HR/HSH
RUNOFF VOLUNE = 0.00 #H M2/H/H
AVE. INFLOW RATE = 4,105 L/S
INFLOH TIKE = 18,58 HIN

RVE, SLOPE = - 00015 M/M
RVE, TOP ¥IDTH R = 35,648

RVE, TDOP WIDTH B = 560

RVE, WET PERIM R = 35,440

RVE, WET PERIH B = ,5N0

AVE, SHAPE PROF =  ,304

AVE, SHAPE DEPTH = L 1BS
AVE, SHAPE RDVAN =  .540
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Table 51.

MAC FURRDH DAAINBACK STUDY NUMBER 130
NG, SR M. TIME PERIODS  FURRDH SPACING
2 31 1.016
STR) STRZ 5TA3 BTA 4 STAS
DISTIANCE, M o0 0160 20,0 30,0
ELEVATIONG, MM - 33,69 30L85 25.27 1B.85 1820
ERERRTOR HIDTH Rese%E
R*@  ,987 .987 .%83 ,5Bp  .089
#TH=AIDIR & A 34,7978 44,155 29,858 33,426 16,390

¥TWED, e B 572 020 LEBS BT 739
FEERETTED PERES¥HER
B 000 LOG0 1,000 1000 1,000

HP=A{DIB * A 34.91B 44,038 29,770 33,316 16,438
HP LD oM B V59 L32% L5835 L0768 (V4D

5URF, SHPPE FPET, #*
A4 37 L3B8 .367 297

PROFILE &

¥DEPTH * 207 .18 173 179 L 14%
ERDVARCE =+ CABT L 887 LABY L AB7 L 487
TIME QINQOUT  HEAD

AN s o us oM

0,00 0,000 0,000 0
L07 3,595 0,000
.31 4,033 0.000 g

0

7 0.0

3
1,27 4,003 0.000 2 .g 38,4

3

8.3 0,0

341 00

2.7 0.9
83.7
55,2
114,35
21,3
15,4
111.2

2,93 4,033 0,000 B39 78,8 79
B.02 4,053 0,000 74, 89,2 31,9 9.5
7.76 4.033 0.000 54,0 9.4 57,7
17,92 4,053 0.000 109.4 {i3.6 1145
24,32 4,053 0.000 113.3 1136 121.8
27.72 4,053 0,000 163,1 {I0.5 113.%
38,92 4,003 0,000  90.2 106.8 110,99 1152
48,92-5.6%6 0,000 1030 20,1 319,9 123.5 {20.6
50,00 0,000 0,000 150 1100 1599 4nS
£0,00 0,000 0,000 705 87,2 93,3 9.6 950
70,00 0,000 0,000 62,2 78,6 84,0 87.3 857
80,00 £.000 0.000 7.6 719 8.2 4.5
90,00 0,000 0,000 50,3 67,7 731 78.6
100,00 ¢,000 0,000 47,8 847 0.7 A4 72,4
E1GL 00 €.000 0,000 33,3 855 69,1 6.6
120,00 0,000 0,000 4.4 600 B3.B BL.9
136,00 0,000 0.000 48.6 54,2 8.4 SO
140,00 0,000 0,000 25,1 41,9 479 G5L7 £0.8
150,00 0,000 0.000 22,4 33,0 A4Sl B4 A7
160,00 0,000 (. 000 32,7 39,2 42,9 4L5
179,00 0,000 0,000 28,0 34,9 38,2 373
180,90 0,000 0.000 3.3 I8 2L9 250 23.8
190,40 0,000 0,006 0.0 A8 152 2L4 26,3
200,00 ¢.000 0,008 0,0 5.3 44,5 85 2.
210,00 0,000 0,000 0,0 0.0 4.3 105 16,3
220,00 0,000 OO0 0.0 0.0 GO 2,7 B.7
222,60 0,000 0000 00 G0 0,0 o 7.1

INFLOH VOLEKE = 4L, 07 MM M2/H/M
DRAINBACK VOLLME = 01 MM HI/N/Y
RUNDFF VOLIME = 0.00 WM H2/M/M
AVE, INFLOW RATE = 3.395 UJ/S
INFLEY TIME = 43,17 MIN

AVE, SLOPE = -, 00006 MM

AVE, TOB WIDTH A = 233354

AVE, TP WIDTH B = .642

AVE, MET PERIM A = 23,216

RVE, HET PERIM B = 604

AVE, SHAPE PROF = , 386

AVE, SHOPE DEPIH = 233

RVE, SHAPE ADVAN = ,BE0

8TR6 51 7
50 ¢ 90,0

22,6F 35,50

335 906

24, 424 43,908
623 T4

£.000 1,000
24,378 43,748
B33 .51

L2058 1,000
ST L524
1.2 L34

48,6 0.0
0.2
109.3
10,8 10,7
L

114,3
114.7 103,14
92,7
839
s
74,1
70,3 7.5
85,4
6¢. 2
a3
43,3
45.3
40,5
36.5
23,6
= 16
20.2
4,9

30 73

3 L3
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5TA B STR 3
120,0 150.0
24,73 26,50

L9528 L8933
5,778 12,650
JO5E L7R7

{000 L.000
8.178 12,788
.33 780

(168 088
423 0%
L7381 1,333

84,2 o0
83,3 629
68.7
83, 1
87.1
86.7
8.6

72. 5
74,4 £8.5
67.3 &2,

53.8
43.1
4.3
38,7
42,2 347
34,9 259
16.9
250 9.8
1.8 &2
%4 0.0
.7 00

S HY
180.0
22,85

963
14,906
. 731

1,000
14,358
. 744

4B
211
454

&0
Bi.6
74,9
78,1
83.5
g3.7

.7
67.2
61.7
97,3

48,5
52,4
35
32,2
233
{30
&7
&0
0,0
G0

Water surface profile data for Test Number 150, Table 1,

STA1S
210.9

Srae
240.0
20,68 0.00

331 .508
18,732 31.30H
573 .Ths
Lo 5,000
18,722 31.8i6
032 LT
LEI2 L7582
293,217
L2348 LENS

21.9

J4.4 38,9

i5.8

0.0




(g

Table 52.

210.00 0.
2§T.20 0,000 0,000

H). 51A H0, THE PERIOES
& 3 1.0
5TA1 S1A2 STRI SiA4

5.0

ELEWITIONS, 9 22,42 107 6.7

DISTANCE, M

B ATOE WIDTHERELIE
Lo S« )t
mczmm*s L 7!.3‘3@ 50.23% 63.938 ';’ﬁ 100 31,044

HER e B,

W!“EED PERExEe2

'ISI.#HJ:F. SHAPE FRCT. &

a0

132

ROFILE  # +233

WPTH ¢ .8

HIVAHCE - ¥ 7838
e RIRGOUT HEAD
»

®iH LSS LS
.00 0,00 0,000

s

DOTODHDD

.

IEOEVIRE =
GRATHEACH VILIME =
RMOFF VOLLEE =

43,40 4 K2HIN

05 M B2/

0,00 M4 N2/NIR
LIS

478

HAC FURRDM DRATHEADK STUDY MRTER 15t

FURROY BPQEILE

10,0

4R

20.0
.51

627

St 5

L0
L%
954

586

B2 L0 1,000 L OO0 LOO0 1000
HEAD)AE & R T1L270 D0.070 62,728 26.072 30,954
HP D M B L43%

+A85

167
432
789
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Water surface profile data for Test Number 151, Table 1.

SIRE STIAT STRA SIA G SIAI0 STALL SIRI2 STRIZ STAI4 STHS GIRIG

80,0
0.00

$0.0
N

86,0 15,0 180.0 2100 240.0 270.0 300.0 30,0 IW,0
2,88 11.8% Y5 2385 108 40,17 9.5 E'}# 18,73

305 957

Bz L35 918 . 988
19.704 25.083 5, .}40 21616 Sh 1% 65.615 &9;588 39.8#4 7.830 13,278 19,430

B

523

512 JE3 L4 A2 491 L5880 LBl2 L0582

1,000 1,000 {000 1000 LOOG LOOO 1,000 1.000 1,000 1.000
19.588 25,032 45, 196 29,538 55,834 £5.310 49,522 33,694 27.?.‘33 18,255 19.4044

269
2206
L7687

1.4

.

-3
213
«BE2

L0919 B3 453 LA30 498 LBW LER2 LTIE 6%

L5 LI58 0 L350 L4329 26 LS3F L39S L000 0,000
.23 143 L35 L2780 L3R LI6h L ME LB L3N
L63% 904 L7082 L9308 LAY 745 L5381 Q.000

100, 8L8 552 0.0
W3 1048 91,8 B2 NLE 0,0
HOO 1L 1002 TG BM2 BT Q0
(01,9 1.8 12,8 80,7 4,0 781 3.1 0.0
L6 16h.2 870 72,5 HA2 705 499 B0 0.0
L8 10i.2 868 V2.6 BWLA TLI O ML BOI 1.7
8%.8 9.5 %4 .8 758 856 2.7 8.8 Bh.4
76.9 8,7 8LS 6.5 634 BL4 TLB LT 0.0
68,5 6.4 738 BLY 850 734 0.4 6.8 BA.Z
6l.2 7.0 B4 852 8.3 7L7 6.2 892 6£0.3
L9 B2 %3 A6 51,3 BS.1 SAl B 545
47,3 S6.4 5L 4LA 434 SR ALY B5.9  anE
3.2 489 M3 0.9 313 462 363 42,1 .0 -
3.5 8.8 3.5 227 229 7329 21 148
7 36 252 B %8 X8 94 iL2 LS
18, 21, 19.7 & .8 13,9 L0 00 2,3
8.5 ] 23 0 &0 00 00 08 ¢
06 00 06 00 00 00 60 00 0,0
60 860 60 00 G0 00 60 0.0 0.0
6t 00 Q& 00 40 66 0,0 0O 0.0

Annual Report of the U.S. Water Conservation Laboratory



226

Table 53,

Water surface profile data for Test Number 152, Table 1.

MAC FURRDYH DRAINBACK STUDY MUMBER $52

KO, STR HO. TIME PERIODS  FURRDM
] &6
11

RIGTANCE, H

ELEVATIONS, MW 24,83 36.28
FEERETOR HIDTHESREESS

R

¥H=RID)*B ¥ B 49,362

¥TH 3 5, Wie B

FrETTED PERsxsees

iy

6.0 5.0 0.0

L981  ,334 ,9B%
o1l L5ih L 883

SPACING

1.015
STAZ SIA 3 STRA4 STRS SIAG STRT7 STA S8

20,0

- 994
E04

e 60,0 30.0

. 333
. 556

.99
L5t

9,45 2.0% .00 16.70 4,88

367
<50

LO00 000 1,000 1,000 1,000 5,000 1,000

126,
1,30

873

SE.506 17,874 27,540 35, 364 47.248 34,314 29.930

581
1,000

HWP=A{0"B + f 49,308 Si.gi'g 17.8628 27,506 34,192 47,074 34,146 29,834

¥ 4 D, WMe B

E£BURF. SHAPE FACT, #»

0.000 109 L0867
-031 118,073
1,089 1089 1,089

tPROFILE £
*EPTH 4
HIDVANCE  #

TIME Q INooUT
HIN L/8 L/

0,00 0.000 0,000
10 3,762 0,000
.19 4 110 0.000
#35 4,110 0,000
51 4,110 0.000

2,85 4 110 0,000

8.93 4,110 &.000

1175 4,110 0.000
20,00 0,000 0,000
36,00 0,000 0,000
40,00 ¢, 000 0,000
50,00 4,000 £, 000
50,00 0,000 0.000
70,00 ¢.000 0,000
80,00 (0,000 0.000
90. 00 . 000 0,000
100,00 0,000 0.000
110,00 0,000 0,000
120,00 .000 0,900
130,00 0,000 0.000
340,00 0,000 9,000
150, 00 0,000 0,000
160,00 €. 000 0,000
170,60 0. 600 0,000
180,00 9,000 0,000
186. 00 ¢.000 0,000

INFLOW VOLUME

DARINBACK VOLIME

RUNDFF VOLUME

AVE, INFLOW RATE

INFLOY TINE
RVE. SLOPE
RVE. TOP WIDTH
AVE, TOP HIDTH
AYE. HET PERIM

RVE, HET PERIH B
AVE., SHRPE PROF
AVE, SHAPE DEPTH

.16

*

HERD

HH

0.0

3.6 Q0

68 41 o0
29 A7 L3
18,8 11,2 164

8.0 541 8235
8,3 63,3 836
.6 &b.4 527
2.9 837 9.6
g5 475 Th.4
38,8 &1,0 6.7
2,8 357 686
47,5 3.1 98.4
§2.7 26.8 G40
38,3 22,7 56,9
3.9 .6 46D
29,4 146 435
2.7 0.8 34.6
8.6 6.4 344
14,2 L& 29.9

4 4.0 ZGB

5 ¢ 2.1
.0 0.0 158

¢ 060 9.3
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¢ &G 0O
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= 445

o0 M H NN H
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‘ Table 54. Water surface profile data for Test Number 153, Table 1.

MAC FURKDW DRAINBACK STUDY NUMBER 153
ND. 5TA NB.. ngiF‘EHl[lDB FURRDH}SS?EINB
12 .
STRt GTR2 STA X STA4 STRS STAG STA7 STR @ STA 9 STAIC STALL 5TAfR
DISTRNCE, ¥ 0.0 50 0.0 20,0 30.0 £0.0 90.0 120,60 150.0 180.0 2§0.0 240.0
ELEVRTIONS, MM 339,69 30,85 23.27 i8.85 1B.20 22.B! 35.50 24.73 26,50 22,86 20.61 0.00
FEERETOP WIDTHEREREEE
R42 .987 ,987 983 ,986 .9A% .95 .9%06 ,952 .993 .92 .93%1 .988
fTH=A(DI*D ® R 34,978 44,156 29,864 33.426 16,330 24.424 43,908 4.778 12.590 14,906 18,732 31,904
FTH &4 D, ¥M% B .972 ,520 .58 .9R7 ,729 .B29 504 .95 ,767 .731 .ET9 .GBE
¥R RHCTTED PER#sxE%E
B2 1000 1000 5,000 5,000 1,000 1,000 5,000 £.000 1.00Q 1,000 5,000 1,000
HP=A{0}*B * A 34,918 44,0308 29,770 33.356 16,438 24,378 43,748 5.178 12,788 14.958 18,722 31.B16
EHP & D, Mde B ,979 .826 L3595 .o76 . 740 ,B39 ,5i2 ,963 .780 744,632 594
#15URF, SHAPE FACT, &3

EPROFILE = L1449 138 .130 .128 .14 02 .376 .486 .80 .338 .8B0 .24
#DEPTH * L4193 179 L1169 Li66 L 187 .279 .382  ,272  L467 378 LAL7 L0M17
HRDVANCE & §.298 1,298 1,208 1,298 1,238 .497 L.0i6 .5BG ,S531 950 .474 908
TIHE B IN @ OUT  HEAD
HIN L/5 LI5S Wi

0,00 0,004 0,000 Q.0
.99 4.048 0.000 10,1 0.0
L3 4.410 0,000 172 239 oG
L59 & 110 0,000 23,3 40.8 4l.4 Q.0
. 2,17 4,110 0,000 40,1 ©5.8 56,3 52,8 Q.0
4,15 4,110 0,000 667 70,0 81,2 794 749 Q.0
' 9.38 4,110 0,000 772 9.5 97.) 6 %I 744 0.0

12,45 4.110 0.¢00 82,6 976 1027 103,5 1030 862 S0.8 0.0

18,55 4.110 ¢.000 90,5 {060 110,7 1187 113.0 100.8 B4.4 6BB.3 Q.0

26.15 4,110 0,000 94,3 111,7 1166 1183 l2¢.1 109.5 99,2 B7.9 53,0 Q.0

30.79 4,110 0,000 95,4 1146 119,35 121,5 1234 l14.1 1047 96,01 74,6 51,7 0.0

40,75 3.078 0,000 93,1 1154 114.5 147.8 i2&.4 {l4.2 1101 103.3 903 79,0 97.8 .0
£0.00 0,000 0.000 &7.4 83,9 89,7 9.2 963 949 9%.0 988 930.2 8B.1 779 829
60.00 0,000 Q.000 59,4 757 61,5 845 B8B.0 B5.7 @68 90.7 B39 BLT 7B.5 84,3
70,00 0,000 0.000 541 70,5 76,3 7%5 831 B8L2 B39 B44 T79.4 Bl 740 BLI
80,00 0,000 0,000 48,6 64,8 7.7 740 7RO 754 76,0 77,8 70.2 B8,9 BAl  EA3
90.00 0,000 0,000 44.0 60.2 659 633 7.0 70,2 7.1 72.6 649 64T I3B.6 63.9
100.00 0,000 0,000  39.¢ 55.3 61,2 640 6B.4 66! BA.OG E9.2 629 610 BH6.4 RA.S
110,00 0,000 0,000 345 95,0 5.7 99.7 B63.3 6&l.2 BG40 B55 537 539 523 I8l
120,00 0,000 0,000 30,0 46,5 52,6 952 987 570 581 bB0LA 532 50.3 450 49.8
130,00 0,000 0,000 25,9 42.2 48,3 S0.5 353.7 51,9 539 549 50.6 4%.2 42.0 461
150,00 0,000 0,000 25,4 38,0 436 46,6 50.4 47.1 49.0 50,6 48,5 45,2 38,7 452
150,00 0,000 0,000 15,4 34,9 37.8 41,3 45.0 431 449 466 40.2 39.8 32.9 40,0
160,00 0,000 0,000 10,5 26,8 327 3.5 389 7.9 39.8 421 336 344 RE6 328
{70.00 0,000 0.000° 5.8 22,5 28,8 321 355 334 358 371 28.8 27.3 20,0 24,8
180,00 0,000 0,000 1.7 17,9 23,6 o658 30,3 27.6 23.2 30.7 222 19.3 168 163
190.00 0,000 0.000 0.0 2.2 1B.4 2L 2.3 281 2.9 235 139 10.0 5 D4 -
200,00 0,000 0,000 0.0 5.6 11,9 &2 13.9 5.0 5.6 6.5 A 460 0.0
210,00 0,000 0,000 00 0.0 41 7.3 13.8 &4 &6 0.6 OO OO0 0.0 0.0
220,00 {000 0,000 00 00 &C¢ OO0 &6 00 37 64 00O 00 00 QO
208,60 0,000 0,000 0.0 0.0 0,0 0,0 1,3 QO 122 o0 00 e 00

INFLOW VOLLME = 40.63 KM Ha/M/M
DRAINBACK VOLUME = 05 [ M2 M/
AUNCFF VOLLME = 0,00 HM H2/M/H
RVE. INFLOW ARTE = 4,109 L/5
INFLOW TIME = 40,18 HIN
RVE. SLOPE = -, Q0005 M/M
fVE, TOP RIDTH R = 23.3%1
RVE. TOP WIDTH B = .b&2

b AVE. YET PERIM A = 23.2l6
AVE. WET PERIM B =  ,B54
AVE. CHAPE PROF =  ,388

AVE. SHARE DEPTH = 284
AVE. SHAPE ADVAN = . 851
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Table 55, Water surface profile data for Test Number 154, Table 1. ‘

WAL FURROW DRAIMBACK STUDY MMPER 1S54
missm M, !IEJ.‘F‘EHIUDS FURRDW SPACTNG

1.0i6
5101 SiA2 STA SIAh STRS STAG SFA Y SR B SFA 9 SIALD STALI STAlZ STRI3 STRIA STRIS STRIG
DISTRCE, N 0.Q %0 10,0 20,0 0.0 60,0 90,0 20,0 150,0 1B0,0 2i0,0 240,0 270,090 30,0 330.0 354,0
ELOVATICS, B az.e2 12,07 16,71 9.5 .35 0,00 .54 22,98 1LY 75 2L.44 IT.00 (0,57 19.5%8 AW 1873
HHIOD WIDTHE#2R eSS
2 #3933 957 894,954 .93 588 946,934 .97B L9 96 .93 ,988 385,967
ETHSRIDI*B ¢ A 71,370 50,234 62,338 26.100 31044 13,704 25,080 45,330 23,516 57,152 65,516 43,683 X.844 27,830 18,378 19,430
KM LD, e B AR 478 43 LB27 586 L6713 L6393 LSI2 LS595 .45 433 A3 5B 612 LT05 682
WHHETTED PERHHIH
2 LO0O LOGD 1,000 1,000 5,000 1,000 1000 1,000 1.000 L0000 4,000 1,000 1,000 (000 1,000 5000
HE=A(E ¢ A 71,270 50,070 £2.723 26,072 20954 13.688 23,032 45, 195 23.538 56,874 65,310 43.522 33,634 27,773 18,275 19,444
HP i D, M B 436 L4BF 423 B35 LE95 B85 LE3? L339 LGOS L AE3 .40 .493 LA e L UE 692
HEURF, SHWPE FIACT, k2

WRFILE » <M. 219 203 247 L1BS LETY L3N8 LOOR  LET7  LE3B LM5 LG5 LT 606 1,000 0. 004
#DEPTH ¥ A0 LIS LM IS L1308 L197 L497 L5330 LA56 463 338 L4331 LMB 400 LT3 642
HINRNCE & <6 708 L7065 L706 L706 L707 79 537 .670 786 LBIS .SM3 .53% LGB0 LTI 0.000

TIE QODT HEAD
MIN LS LS M

0.00 0,000 0.000 0.0

+24 3913 ¢.000 56,2 00
.64 4,033 0.000 6lL6 531 0.0
L A0S30.000 8.0 G40 2B 0.0
J.04 4,053 0,000 75,0 TS5 G574 606 0.0
555 4,053 0,060 £33 .8 BLS BML2Z TRO 0.0 .
9.85 4,053 0,000 86,2 9.4 %21 9.6 919 BA.A 0.0 !
540530000 309 1042 978 9.7 9.0 100.9 855 0.0 i
2L45 4,031 0,000 97,0 1i0.4 1DA.6 1056 107.6 {18.4 (04,9 5.1 0.0 K
2815 4,053 0,000 10,4 114,3 08,8 LB Jid7 1258 fi66 BLY B65.8 Q0
34,25 4,053 0,000 £03.1 1170 110.9 {127 155 104 l2a1 912 857 537 , 0
A0, 35 4,093 0.00¢ L3 1191 113,35 ti5.2 1188 1.5 1253 %6.0 93,3 1B 3%5 0.0
43,45 4,053 0,000 104.4 122,0 f16.6 1§83 i) I36.9 129.2 1040 1002 EXA 5.1 3ILS 0.0
50,55 4,053 0,000 £11,0 1349 (195 1227 {Z51 LD 13h8 17,3 1023 9.2 7A3 5.1 slo 0.9
67.65 4,033 0.000 112.6 26,5 1250 12),4 1265 420 1375 (i0.8 1J2.0 1025 B£0.8 7.5 ThE AR5 0,0
TLES 4,053 0.000 $I.2 [24.2 120,13 1238 126.8 1430 }36,) f§0.2 JIL5 I0LS Bh2 VB.A BS54 E2.4 332 00
80.00 0.000 0,00 93,3 1079 {017 106.6 f{l.2 135 130.2 1067 1133 1089 &S BI.E 50.8 7.5 61,7 A5.%
0,00 0,000 0,000 711 ALD g3 .9 9.5 2.5 Lo 932 0.2 SnL6 .8 .8 9.0 814 BT2 BNLE
100.00 0.000 0.00¢  £5.3 754 7.2 RO 7.9 10L9 0L 63,7 %8 W9 TLO 739 9.5 @54 2.6 84,4
110.00 0,000 0,000 519 B30 KBY7 6.6 .2 9335 -4 TA2 B3 BL,6 68,8 L7 BLE 752 BLE 7.5
120,00 0000 0,000 47,0 613 56 605 BS.5 .1 856 66,3 M7 7LY 609 BAl 7ED BS54 7.0 GO.E
130,00 0,000 0, 000 . »3 0.7 .3 5.6 BLZ B03 Bl 7LT ES6 549 509 70.) GlLA EE9 536
350,00 0,000 0,000 34} 43,3 439 475 Sh4 I 7L5 S .4 5.0 43,6 523 65,3 S6.3 6L 55,0
150,00 0,000 0,000 27,9 42,0 3T 44 6.0 B4 677 47.9 SLE A3 ALE 45,3 5L0 LT 3.2 M4
{6000 0.000 0,000 22,6 367 30 355 0.1 6L3 605 40,2 48,5 50,1 34 3.6 5L4 4o .1 Is.A -
{70,00 0,000 0,000 17,2 340 259 0.0 3B 52 53,9 LI 05 AL3 .0 3.4 A0 3LS M.t 362
180,00 0,000 ¢.000  10.4 25,3 13,9 2L7 28,1 494 MB.4 2L! 3SE 39 0,7 2.8 363 2 g 26,3
190,00 0,000 @, (GO -3 194 134 gt 2,9 20 A4 HA5 253 233 9.6 4.8 23,5 59 0.2 1a.5
200,00 0,000 0.000 0.0 11,9 39 2 %3 3.8 3%A 104 359 99 0.6 0.0 0.7 0.0 0.0 5D
210.00 0.000 0.000 0,0 20 0.0 &5 10,0 20.3 23.3 §.B .7 00 00 00 00 0,0 0.0 0.0
220.00 0,000 0,000 00 0.0 €0 0.0 30 2.0 2,7 0¢ 0.0 0O 00 0.0 0.0 0.0 0.0 0.0
€30.00 0,000 0,000 0.0 Q0¢ 00 00 90 52 128 0.0 00 00 00 0.0 0.0 0.0 .0 0,0
240,00 0,000 0,000 0.¢ 00 00 0,0 0.0 G0 I ¢0 00 00 00 00 00 0.0 0.0 0.0
2460 0.000 0000 0.0 00 0B a0 QO 00 0.0 GO &0 00 00 0.0 00 0O 0.0 0.0

INFLOH VOLLE = 51,22 1 K3/l
DRANBACH VOLUIE = +09 i W2/W/N .
RAOFF VILIME = 0,00 M K/M/N

AVE. JWLIM RATE = 4033 L/S

INFLOM TIKE a T MIN

RAE. SLIFE = 0002 WK

ME, TP VIDTH A = 37,108

AVE, TP WIOTH B = 549

AVE, LET FEAIM A = 35,882

AVE. WET CERINB = 553

ME, SHPE PROF = 450

AYE. SHPE DEPTH = 256

AE, SHE VAN = T3S
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Fig. 1. Hydrograph for furrow station 20 meters from the inlet end of the
level furrow used for Test Number 103, Table 1, The water depth
measurements were developed from bubbler/pressure transducer read-
ings {open symbols). The solid symbols represent smoothed data and
were used to replace the original data.
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Fig. 2 Hydrograph for furrow station 300 meters from the inlet end of the
level furrow used for Test Number 115, Table 1, Open symbols rep-
resent original data while the solid symbols represent smoothed data
and were used to replace the original data.
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TITLE: SOIL-PLANT-ATMOSPHERE INTERACTIONS AS RELATED TCO WATER
CONSERVATION AND CROP PRODUCTIVITY

SPC: 6.1.03.1.c (70%) CRIS WORK UNIT: 5344-13610-001-00D
1.1.02.1.b {30%)

INTRODUCTION

Another banner year for publications for our research group with 29
manuscripts published, 31 in press, and 14 in journal review process.
Those reported below in abstract form represent some of the most
interesting. additionally, a few experiments were conducted during the
year and are reported here before manuscripts have been prepared.

Four papers dealing with the energy balance at the earth’s surface all
have a common theme. That is, remotely sensed, emitted and reflected
radiation combined with a few simple ground-based micrometeorological
measurements allow the calculation of evapotranspiration (ET) f£rom
agricultural fields and from native vegetation. These calculations agree
well with Bowen ratio measurements of ET. Reflectance measurements are
the subject of six manuscripts. One paper considered atmospheric
influences on the Thematic Mapper spectra of partial canopies of cotton
and grass, and concluded that the turbidity of the atmosphere were
significantly dependent on the ‘brightness’ of the underlying soil. A
second paper compared SPOT-1 satellite data, corrected for atmospheric
effects, with data obtained from low-level aircraft and ground-based
observations, and found that a simple view angle correction to the
satellite reduced the absolute reflectance errors by 50% over rough
surfaces. Alfalfa biomass was estimated spectrally under variable cloud
conditions in a third paper, and it was found that plant growth can be
quantified even when direct beam solar irradiances are not constant. A
fourth paper considered the influence of topography and sensor view
angles on vegetation indices, It was shown that the NIR/red ratio was
less sensitive to field aspect than greenness, but the reverse was true
when nadir and off-nadir view angles were compared for the same aspect.
The last two papers dealing with reflectance discussed techniques that
could be used for the in-~flight calibration of satellite sensors.

Two papers dealt with the crop water stress index (CWSI). The first
- reexamined the theoretically-developed CWSI and proposed a method for
estimating an aerodynamic resistance applicable to a plant canopy. A
second paper was a review of the general topic of assessing crop stress
for the purpose of scheduling irrigations. Evaporation from water
surfaces and aquatic macrophytes was the subject of four manuscripts.
Two of the papers considered the role of stomates for controlling water
loss from these types of plants, while the other two papers presented
information on the effect of fractional plant cover on the evaporation
from water surfaces. A recent controversy has arisen concerning the
validity of measurements made with commercial diffusion porometers.
Three papers address this topic and present methods to correct porometer
readings.
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The effect of atmospheric carbon dioxide on plant growth is a subject of '
six papers. Several years of research on seven different plants {five
terrestrial and two aguatic species) have demonstrated several things.
First is the fact that the stimulatory effect of atmospheric carbon
dioxide enrichment is strongly temperature dependent. Next, it was shown
that the enrichment has little effect on plant percent dry matter,
except under conditions conducive to starch accumulation in leaves, and
then it caused an increase in percent dry matter content. It was also
proposed that the beneficial effects of carbon dioxide may be divided
into three distinct growth response phases. Also, it was suggested the
carbon dioxide effects on worldwide vegetative productivity have been
demonstrated.

Climatic consequences of increasing atmospheric carbon dioxide are noted
in five manuscripts. One attributes the long term global temperature
trend to the natural recovery of the Earth from the global chill of the
Little Ice Age rather than increasing atmospheric carbon dioxide.

Another explores the reasons for predictions of a "nuclear winter {or
fall)," and disputes the analysis made by climate modelers. Along this
same line, is a discussion of the effects of large volcanic explosions on
global climate. The other two manuscripts review other aspects of the
carbon dioxide-climate issue.

Wheat is the topic of two papers, but their contents are quite different.

The first is an introductory paper to seven others describing an : Y
experiment conducted in the North American Great Plains from Texas to - ‘
Canada to study the response of wheat to water and nitrogen. The second

paper describes how canopy temperature might be used to screen wheat

cultivars for their ability to withstand drought. Over the past nearly

30 years there has been an on-going project on the use of neutron

attenuation equipment to assess soil water content. One paper describes

a unigue calibration transfer procedure using plastic cylinders.

In addition to manuscripts that have been or are in the process of being
published, a few mini-experiments have been conducted and are reported

herein. The first deals with a comparison of blackbody calibration

devices used to check the reliability of infrared thermometers {IRT}. It

was concluded that these portable devices perform quite well for general

field use, and confirms the practice of comparing the readings from an

IRT and the blackbody before and after measuring surface temperatures in

the field to insure the integrity of the data. A second experiment,

called MACII, was a multi-organizational effort (1)} to assess the spatial

and temporal distribution of ET over several agricultural fields {2) to

assess the potential of using bare soil surfaces of different roughnesses

to evaluate atmospheric models for interpreting aircraft and satellite

data, and (3} to investigate the possibility of calculating aerodynamic
resistance over partial canopy cover. The unique part of this experiment

was that the 27 participants, representing seven departments from five
universities, six offices from three federal agencies, two private

institutions and one foreign national agency, were funded by their a‘ :
respective organizations. Preliminary results from two parts of that .
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experiment was reported herein: emissivity determinations of plants and
soils and ground-based reflectance measurements over cropped and bare
soil surfaces.

ENERGY BALANCE

Jackson, R.D. Surface temperature and the surface energy balance. IN:
Proc. Intern. Symp. on Flow & Transport in the Natural Environment:
Advances and Applications. Canberra, Australia, Sept. 1987. (in press)

Surface temperatures, determined from measurements of emitted radiation,
can be obtained at scales ranging from a few mm? to the global
hemisphere. The ability to measure temperatures over large areas has led
to the development of techniques for evaluating the surface energy
balance at regional scales. 1In addition to surface temperatures, some
techniques require inputs of surface-measured meteorological parameters.
Others model the surface fluxes and use a comparison of predicted and
measured surface temperatures to keep the models on track. Because of
the large scale, validation of the models is difficult. On a smaller
scale, it is possible to use both remotely-sensed data and ground-based
data to evaluate the energy balance, with validation being somewhat
easier. In this review, both regional- and local-scale techniques are
discussed. An experiment in which remotely-derived results were compared
with Bowen ratio data is described in detail. It is shown that the
remote technique will produce adequate values of latent heat flux for
uniform surfaces, but may yield erroneous values for heterogeneous
surfaces such as partial canopies.

Raymond, L.H., Moran, M.S. and Jackson, R.D. Mapping latent heat energy
from remotely sensed data and other variables using ARC/INFO software.
IN: Proc. Spatial Data System for Management, University of Arizona,
Tucson, AZ. 5-6 Nov, 1987. pp. 38-45,

Latent heat energy calculated with an energy budget using remotely sensed
data from the Landsat-5 Thematic Mapper (TM) and from aircraft were

compared with crop type, crop density, soil type, and available soil
moisture using ARC/INFO geographical information system software. Latent
heat energy calculated from the TM data was within 12 percent of latent

heat energy calculated from the aircraft data 88 percent of the time,

Latent heat enerqgy was most closely related to soil moisture and somewhat
related to crop type and crop density. Soil type was most closely -
related to spectral reflectance of the ground surface.

Reginato, R.J. and Jackson, R.D. Remote sensing of water use by
agricultural crops and natural vegetation. IN: Proc. USCID Regional
Meeting on Water Management. Denver, ©0. 2-4 Sept. 1987 (in press)

Water loss from soil and vegetation was evaluated from agricultural crops
and an arid ecosystem using a combination of remotely sensed and ground-
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based data. This information was used in the energy balance equation, '
and eddy correlation systems. An analysis demonstrated that when the '
vegetation cover was near complete, calculations of evapotranspiration

(ET) agreed well with field data, but when the vegetation was sparse, the
‘agreement was poor. Empirically derived coefficients, based on

fractional plant cover and plant height brought the results of the two
techniques closer together. The data demonstrate the shortcomings of the
theoretical approach in estimating ET over areas of partial vegetation,

and where additional research is needed in order to solve the problems.

Before remote sensing technigues can be used confidently over large areas

to estimate ET, existing theory must be modified or new theory developed.

Reginato, R.J. Surface energy flux measurements and reflectance factors
using satellite-, aircraft-, and ground-based instrumentation. IN: Proc.
ERIM Symp., Ann Arbor, MI. 26-30 Oct. 1987. {in press)

Knowledge of the type and amount of vegetation covering agricultural
fields and the amount of evapotranspiration from those surfaces will
greatly assist farm supervisors in managing their water resources more
efficiently. For timely management decisions, it is necessary to make
these assessments quickly over large areas, and remote sensing technology
offers a solution. To evaluate the accuracy of these types of
measurements, a week-long field experiment was conducted in June 1987 to
assess the energy flux and spectral reflectance distribution both
spatially and temporally over several agricultural fields. The energy ;
flux components of interest were latent heat (evapotranspiration} and '
sensible heat. These wee evaluated at ground level with four Bowen ratio
systems, with four eddy correlation units, and with a tethered balloon
radiosonde system. Also, four-band and eight-band radiometers along with
appropriate micrometeorological data were used to estimate fluxes,
Radiometers were mounted in an aircraft to measure reflected and emitted
radiation from selected agricultural fields. Landsat TM data were
scheduled but not obtained due to clouds. BSPOT data were obtained on two
successive days. Atmospheric optical depth measurements allowed
satellite based reflectance factor data to be compared with aircraft and
ground-based reflectance factors for bare soil and agricultural crops.
The 27 participants, who represented seven departments from five
universities, six offices from three federal agencies, two private
institutions and one foreign agency were funded by their respective
organizations for their part in the overall experiment.

SPECTRAL REFLECTANCE

Huete, A.R. and Jackson, R.D. BSoil and atmosphere influences on the
spectra of partial canopies. Remote Sensing Environ. {in press)

An atmospheric radiant transfer model was used to compare ground measured
radiances over partially vegetated canopies with those observable at the

top of a clear (100 km meteorological range) and a turbid (10 km) ; )
atmosphere. Radiance measurements in the first four bands of the Y
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Thematic Mapper were taken over incomplete cotton {Gossypium hirsutum L.)
and Lehmann lovegrass (FEragrostis lehmanniana)} canopies with different
soil backgrounds separately inserted underneath.

Atmospheric influences on the spectra of partial canopies were found to
be significantly dependent on the ‘brightness' of the underlying soil.
The change in canopy red and near-infrared radiant f£lux between the
ground and the top of the atmosphere was such that an increase, decrease
or no change could be observed depending on the magnitude of the soil
spectral contribution. Both increasing soil ’brightness’ and atmospheric
turbidity lowered the ratio and normalized difference vegetation index
values. Consequently atmospheric-induced RVI and NDVI degqradation were
greatest over canopies with darker soils and were not detectable over
canopies with light colored scils, 1In contrast, soil and atmospheric
effects on the perpendicular vegetation index were independent with
atmosphere degradation being similar across all soil backgrounds. Soil
influences on partial canopy vegetation indices were found to be of
similar magnitude to those attributed to the atmosphere for the range of
values examined here,

Moran, M.S., Jackson, R.D., Hart, G.F., Slater, P.N., Bartell, R.J.,
Biggar, S.F. and Santer, R.P. Surface reflectance factors derived from
SPOT-1 HRV data at two view angles. IN: Proc. Intern. Conf. on the
SPOT-1 Image Utilization, Assessment, Results. Paris, France, 23-27 Nov.
1987. (in press)

SPOT-1 XS and Pan data were acquired over an agricultural area on two
consecutive days at view zenith angles of -10.7 and +23.0 degrees.
Digital data were converted to radiance using the SPOT-1 internal
calibrator coefficients. A radiative transfer model, using optical depth
data measured on overpass days, was used to calculate surface reflectance
factors from the radiances. Satellite-derived surface reflectance
factors (Rs) were compared with reflectance factors measured at ground
level and from low-altitude aircraft (Rg and Ra, respectively).
Differences between Rs, Rg and Ra at the same view zenith angle and solar
zenith angle over bare soil were less than 0.014 reflectance for all XS
bands on both days. A simple view angle correction was computed from
ground-based measurements of radiance from bare soil at numerous view
angles. Rs values over rough surfaces, i.e., bare soil, orchards and
full cover crops, that had originally differed by over 0.09 absolute
reflectance on the two days were brought to within 0,005 difference in
all three XS bands. The correction overcompensated for view angle
effects over planar surfaces, i.e., water and roads.
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Pinter, P.J., Jr., Relly, H.L., Jr. and Schnell, S. Spectral estimation
of alfalfa biomass under conditions of wvariable cloud cover. IN: Proc.
18th AMS Conf. on Agriculture and Forest Meteorology, Purdue University,
W. Lafayette, IN. 13-18 Sept. 1987. pp. 83-86.

A field experiment was conducted at Phoenix, AZ to examine the effect of
water stress on reflectance characteristics of an alfalfa crop. Multi-
spectral observations were made using an Exotech hand-held radiometer
equipped with bandpass filters similar to the multispectral scanner on
board Landsat-5. Data were collected each morning at a constant solar
zenith angle of 57 regardless of sky or cloud conditions. Results showed
a significant correlation between biomass and several vegetation indices
{VIs) calculated from red and near-infrared reflectance factors.
Analysis of data collected under clear sky, partly cloudy and completely
overcast conditions revealed that VIs computed as ratios of NIR and Red
reflectance factors were less sensitive to cloud cover than single band
reflectances or linear band combinations such as Greenness. These
findings suggest that ground-based remote sensing approaches for
quantifying plant growth are useful even during conditions when direct
beam selar irradiances are not constant.

Pinter, P.J., Jr., Zipoli, G., Maracchi, G. and Reginato, R.J. Influence
of topography and sensor view angles on NIR/red ratio and greenness
vegetation indices of wheat. Intern. J. Remote Sensing B8:953-957. 1987.

Reflectance factors of winter wheat were measured with a ground-based
radiometer to determine the effect of topography and sensor view angle on
the diurnal behavior of two spectral vegetation indices. Data are
presented for fields with 10° slopes in a topographical complex area of
central Italy. The ratio of reflectances in near-infrared {NIR) {0.78 to
0.89 ym) to red (0.63 to 0.62 um) was less sensitive to field aspect than
greenness. However, when nadir and off~nadir view angles were compared
for the same aspect, greenness displayed less variability. Field aspect
and view angle had less effect on both indices when solar zenith angles
were small,

Slater, P.N., Biggar, S.F., Holm, R.G., Jackson, R.D., Mao, Y., Moran,
M.5., Palmer, J.M. and Yuan, B. Reflectance— and radiance-based methods
for the inflight absolute calibration of miltispectral sensors. Remote
Sensing Environ. 22:11-37. 1987.

Variations reported in the in-flight absclute radiometric calibration of
the Coastal Zone Color Scanner {(CZCS5) and the Thematic Mapper {TM) on
Landsat-4 are reviewed. At short wavelengths these sensors exhibited a
gradual reduction in response, while in the mid-infrared the T showed
oscillatory variations.

The methodology and results are presented for five reflectance-based
calibrations of the Landsat-5 TM at White Sands, New Mexico, in the
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period July 1984 to November 1985. These show a +2.8% standard deviation
(1 sigma) for the six solar reflective bands.

Analysis and preliminary results of a second, independent calibration
method based on radiance measurements from a helicopter at white Sands
indicate that this is potentially an accurate method for corroborating
the results from the reflectance-based method.

Teillet, P.M., Slater, P.N., Jackson, R.D., Fedosejevs, G. and Moran,
M.S. Reflectance measurements at White Sands, New Mexico, using a mobile
spectroscopy laboratory. IN: Proc. Eleventh Canadian Symp. on Remote
Sensing. Waterloo, Ontario, Canada, 22-25 June 1987. {in press)

A promising approach to the in-orbit calibration of satellite sensors is
the use of special ground targets such as the gypsum flats of white
Sands, New Mexico. A key aspect of the White Sands effort has been to
measure the ground reflectance in spectral bandpasses and response
profiles corresponding to those of the satellite sensor of interest.
With a view to examining different ways of going about these ground
reflectance measurements and also to becoming more actively involved in
satellite calibration research internationally, the Canada Centre for
Remote Sensing (CCRS) accepted the University of Arizona’s invitation to
deploy the CCRS mobile spectroscopy laboratory at wWhite Sands during the
winter of 1985/86. Spectra of the gypsum surface were acquired in a
variety of configurations during LANDSAT TM and SPOT HRV overpasses. The
spectral measurement activities and resulting data sets are described.
Advantages and disadvantages of using a mobile spectroscopy facility for
this type of work are discussed from spectral, spatial, and temporal
perspectives. Finally, the role of strategic studies and collaborative
efforts at white Sands by a variety of research groups is discussed in
the light of increasing interdisciplinary interest using satellite data
for monitoring resources and climatological change on regional and global
scales.

CROP WATER STRESS INDEX

Jackson, R.D., Rustas, W.P. and Choudhury, B.J. A reexamination of the
crop water stress index. Irrigation Science. (in press)

Hand-held infrared radiometers, developed during the past decade, have
extended the measurement of plant canopy temperatures from individual
leaves to entire plant canopies. Canopy temperatures are determined by
the water status of the plants, and ambient meteorological conditions.
The crop water stress index (CWSI) combines these factors and yields a
measure of plant water stress. Two forms of the index have been
proposed, an empirical approach as reported by Idso et al. (198l), and a
theoretical approach reported by Jackson et al. {1981). Because it is
simple and requires only three variables to be measured, the empirical
approach has received much attention in the literature. It has, however,
received some criticism concerning its inability to account for
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temperature changes due to radiation and windspeed. The theoretical .
method is more complicated in that it requires these two additional .
variables to be measured, and the evaluation of an aerodynamic

resistance, but it will account for differences in radiation and wind-

speed. This report reexamines the theoretical approach and proposes a

method for estimating an aerodynamic resistance applicable to a plant

canopy. A brief history of plant temperature measurements is given and

the theoretical basis for the CWSI reviewed.

Reginato, R.J. Irrigation scheduling and plant water use. IN: Proc.
Intern. Conf. on Agrometeorology. Cesena, Italy, 8-9 Oct. 1987.
pp. 189-200.

Development of remote sensing techniques for measuring components of the
energy balance at the earth’s surface, show great promise for managing
farm water resources. Using reflected and emitted radiation measurements
coupled with routine agrometeorological information, it is possible to
assess crop stress and evapotranspiration from vegetated surfaces.
Methods have been developed using foliage temperature measurements to
determine when plants are under stress and to quantify that stress for
irrigation scheduling purposes. From reflected radiation and surface
temperature data, evapotranspiration can be calculated, and, if a water
budget procedure is used, the proper quantity of water needed for
irrigation can be applied. A review of these techniques is presented.

7

EVAPQOTRANSPIRATION ‘

Idso, S.B. Development of a simplified plant stomatal resistance model
and its validation for potentially-transpiring and water-stressed water
hyacinth. Atmos. Environ. (in press)

A simple model of upper—canopy plant stomatal resistance (r _) was
developed which requires but four input parameters: canopy aerodynamic
resistance, upper-canopy foliage temperature, and air vapor pressure
deficit and temperature., The model was tested against upper-canaopy
sunlit leaf stomatal resistance {r ) measurements of both potentially and
non-potentially transpiring water hyacinth plants over the upper—canopy-
intercepted net radiation range of 300 to 450 W m? and over a ten-fold
range of r, . In all instances, and indicative of the model’s good
performance, the ratio of r  /r consistently averaged about 1.25, due to.
partial self-shading of the upper-—canopy foliage. The significance of
this finding to air pollution studies arises from the facts that 1)
contemporary knowledge of a plant canopy's leaf area index would allow
the transformation of r . to r_, the total canopy diffusive resistance,
and 2) the proper accouniing for different trace gas diffusivities would
allow the transformation of r_ for water vapor to the variety of r_
values required to infer the gaseous deposition of important pollutant
gas species at vegetated surfaces.

f
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Idso, S5.B. and Anderson, M.G. A comparison of two recent studies of
transpirational water loss from emergent aguatic macrophytes. BAquat.
Bot., in press.

Data from two recent studies suggest that the large expanses of short
water hyacinths tend to reduce the amount of water which would normally
be lost by evaporation from the surfaces of sizable water bodies, but
that tall water hyacinths tend to enhance evaporative water losses from
such surfaces. For cattails, however, more evidence is needed before any
similar conclusion may be reached.

Anderson, M.G. and ldso, S.B. Surface geometry and stomatal conductance
effects on evaporation from aquatic macrophytes. Water Resour. Res.
23:1037-1042,

Evaporative water loss rates of several floating and emergent aquatic
- macrophytes were studied over a 4-year period through comparison of daily
evaporative water losses from similar-sized vegetated (E} and open water
{E_)} surfaces. Two species with planate floating leaves (water fern and
water lily)} yielded E/E, values of 0.90 for one and four growing seasons,
respectively, and dlsplayed stomatal regulation of potential evaporation,
Water hyacinths grown in ponds with different diameters exhibited E/E
ratios which decreased with increasing pond diameter for both short
{0.06-0.36 m} and tall (0.63-0.81 m) plants, producing high linear
correlations with amount of peripheral vegetative surface area. The
latter relationships suggested an E/E  value less than unity for a
relatively extensive canopy of short water hyacinths and a value of the
order of 1.4 for a tall canopy possessing similar two-dimensional surface
area characteristics, The latter results were also demonstrated in a
separate study utilizing polyurethane foam to insulate the peripheral
exposure of tall water hyacinth canopies from advective energy. Finally,
simultaneous stomatal conductance and daily E/E._ measurements on cattail
and water hyacinth canopies with identical tank diameters indicated that
although the mean stomatal conductance of the peripheral exposure of the
cattail canopy was 72% less than that of the water hyacinth canopy, its
total evaporative water loss was nearly equivalent, due to its greater
height. Reducing the surface area of the peripheral cattail exposure by
the fractional amount suggested by the stomatal conductance measurements
harmonized its surface geometry-evaporation relationship with that of the
water hyacinth canopy and once again demonstrated the reality of stomatal
control of potential evaporation.

Anderson, M.G. and Idso, S.B. Effects of atmospheric carbon dioxide
encichment upon the stomatal conductance and evapotranspiration of
aquatic macrophytes. IN: "Rquatic Plants for Water Treatment and Resource
Recovery,” K.R, Reddy and W.H. Smith, eds., Magnolia Pub., Inc., Orlando,
FL. pp. 421-431.

The evapotranspiration characteristics of water hyacinth, water lily,
water fern, and cattail were established during a four year investigation
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of advective energy exchange as a function of peripheral canopy exposure 4
and stomatal conductance. Total water loss decreased by 10% (E/E ‘
0.90) compared to an identical open water surface for water lily and

water fern. Short to medium height water hyacinth displayed similar E/E,

ratios for relatively extensive surface coverages where peripheral

exposure was minimal; but tall hyacinth and cattail yielded E/E  values

near 1.45. Steady—state porometer measurements indicated a 50%° reduction

in stomatal conductance with a 20% decrease in transpiration per unit

leaf area for a mean doubling of ambient CO, levels. Water hyacinth

biomass production increased by 36% and water use efficiency doubled for

a similar doubling of the atmospheric CO, content. The combination of he
studies indicates that floatlng or emergent species with leaves near the

water surface will experience decreased tranSplratlon in future higher

CO, atmospheres, while substantial biomass increases on the taller

floatlng or emergent species will provide greater surface exposure and

possibly result in equivalent transpiration.

POROMETRY

Idso, S.B. An apparent discrepancy between porometry and infrared
thermometry relative to the dependence of plant stomatal conductance on
air vapor pressure deficit. Agric. For. Meteorocl. 40:105-106.

Many porometry studies of a host of different plant species suggest that,

as the vapor pressure deficit of the air increases, the stomatal = )i
conductances of the plants’ leaves decrease. This effect, however, is in -
conflict with the results of infrared thermometry assessments of foliage .
temperatures in the free-air environment. It is suggested, therefore,

that the porometry measurements may have some unknown problem associated

with them,

Idso, S§.B., Allen, S5.G. and Choudhury, B.J. Problems with porometry:
Measuring stomatal conductances of potentially transpiring plants.
Agric. For. Meteorol. (in press)

Porometer measurements of the stomatal conductances (C_) of potentially-
transpiring water hyacinth plants at Phoenix, Arizona in October of 1984,
May-June of 1985, and September of 1986 indicate that C, steadily drops
as the vapor pressure deficit {(VPD} of the air in the measurlng system’s
cuvette or leaf chamber rises. Utilizing this relationship to calculate
the foliage-air temperature differential (T}—T } response of these leaves
to leaf-chamber air VPD, as per the basic equations of standard heat and
water vapor transport theory, we obtain a leaf chamber "non-water-
stressed baseline" which is consistent with leaf-chamber measurements of
T ~T, VS. air vPD. Free-air T ~T, vs. air VED data, on the other hand,
produce a relationship which is similarly consistent with a plant
stomatal conductance which is invariant with respect to the air VPD.
Hence, we conclude that the very act of stomatal conductance measurement
alters a potentially-transpiring plant’s evaporative water loss rate in ; .
such a way that, for very high air VPD conditions, the directly-measured N g
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C, value {although correct for the leaf in the cuvette or leaf chamber)
may be much reduced from that characteristic of comparable non-chamber-—
encumbered plants in the free air. We then demonstrate that this
instrument-induced reduction in directly-measured C_ values is a unique
function of the leaf-chamber IJ index, evaluated with respect to the
plant’s free-air non-water-stressed baseline. Similar results obtained
by others for cotton suggest that this phenomenon may be quite general,
and that the C_ vs. air VPD interaction, believed by many to be widely
operative throughout the plant kingdom, may not really exist in actual
field situations. '

Idso, S.B., Allen, S.G. and Kimball, B.A. The perils of porometry. IN:
Proc. Intern. Conf. on Measurement of Soil and Plant Water Status, Utah
State University, Logan, UT. 6-10 July 1987, vol. 2:133-138.

Measurements of leaf temperature and air temperature and humidity within
the cuvette of two different porometers at three different times of year
{in three different years} did not produce the classical non-water-
stressed baseline previously determined by the non-contact remote sensing
technique of infrared thermometry for water hyacinth plants floating
under natural conditions out-of-doors with their roots continuously
immersed in water, suggestive of a micro-environmental perturbation
induced by the imposition of the porometer cuvette about the plant leaf
which causes the encompassed stomates to partially close. Furthermore,
when the directly-measured leaf stomatal conductance (C_ )} data were
plotted against the Idso-Jackson (IJ) index values obtained from the
porometer-derived leaf and air temperatures and humidity measurements
used in conjunction with the non-chamber-encumbered non-water-stressed
baseline, a potentially "universal" C_ vs, IJ index relationship was
obtained, which relationship has previously been shown to result from the
imposition of macro-envirornmental influences known to restrict stomatal
apertures. The nature of this porometer-induced alteration of leaf
stomatal conductance was additionally investigated with plants subjected
to varying degrees of water stress and varying enhancements of
atmospheric CO, concentration. 1In both instances, the micro-
environmental perturbation caused by the porometer cuvette decreased
linearly with increasing macro-environmental-induced stomatal closure to
actually sign above a "“free-air" IJ index value of about 0.4. Examples
of the seriousness of the porometer—induced error are given, along with
procedures for eliminating it.

€O, AND PLANTS
Idso, S.B., Kimball, B.A. and Mauney, J.R. Atmospheric carbon dioxide
enrichment effects on cotton midday foliage temperature: Implications for
plant water use and crop yield. Agron. J. 79:667-672.

In an experiment designed to determine the likely consequences of the

steadily rising carbon dioxide (CO,) concentration of Earth’'s atmosphere
for the foliage temperature, water use, and yield of cotton (Gossypium
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hirsutum L. var. Deltapine-61} plants, cotton was grown ocut-of-doors at
Phoenix, AZ, in open-top, clear-polyethylene-wall, Coz—enrichment '
chambers for three summers under mean daylight CO, concentrations of 340,
500 and 640 gmol CO,”! air on an Avondale clay loam soil [fine-loamy,
mixed {calcareous), hyperthermic Anthropic Torrifluvent]}. Infrared
thermometer measurements of the cotton foliage temperature (T}) indicated
that a 330 to 660 ymol~, air doubling of the atmospheric CO, content
results in a midday T. increase of 1.0°C for well-watered cotton at
Fhoenix in the summer. This temperature increase was predicted to
produce a 9% reduction in per-unit-leaf-area plant transpiration rate and
an B4% increase in crop biomass production, which compared favorably with
the measured crop biomass increase of 82% for such a doubling of the
air's CO, content. These findings, together with similar findings for a
second piant species —— water hyacinth [Eichhornia crassipes (Mart.)
Solms] — allowed us to develop a technique for assessing the effects of
a 330 gmol CO, mol™! air CO, concentration increase on the percentage
yvield increase (Y) of a crop via infrared thermometry by means of the
equation ¥ = 7.6% x (IJ)"', where IJ represents the Idso-Jackson plant
water stress index. 1If this equation holds up under further scrutiny, it
could provide a rapid and efficient means for assessing the yield
response of crops to atmospheric CO, enrichment.

Idso, S.B., Kimball, B.A., Anderson, M.G. and Mauney, J.R. Effects of
atmospheric 00, enrichment on plant growth: The interactive role of air
temperature. Agric., For. Meteorol. 20:1-10.

Comprehensive reviews of the plant science literature indicate that a 300
part per million (ppm) increase in atmospheric carbon dioxide {CO,}
concentration generally increases plant growth by approximately 3bs.
Working with two species of floating aquatic plants and three terrestrial
species, we demonstrate that this stimulatory effect of atmospheric CQ,
enrichment is strongly temperature dependent. Indeed, our results
suggest that for a 3°C increase in mean surface air temperature (as is
generally predicted to result from the fgreenhouse effect’ of such an
increase in the CO, content of the air}, the growth enhancement factor
for such a CQO, increase rises from 1,30 to 1.,56. If the non-CO, trace
gas greenhouse effect is equally as strong, as recent model studies
suggest, the growth enhancement factor rises still higher to a value of
1.85. oOn the other hand, our results also indicate that atmospheric CO,
enrichment tends to reduce plant growth at relatively cold air
temperatures, i.e., below a daily mean air temperature of approximately
18.5°C. As a result, predicting the ultimate consequences of a doubling
of the Earth's atmospheric co, concentration may prove to be much more
complex than originally anticipated.

Idso, S5.B., Kimball, B.A. and Mauney, J.R. Atmospheric o, enrichment
and plant dry matter content. Agric. For. Meteorol. (in press)

Fresh and dry plant weights were measured throughout a number of ;
different CO, enrichment experiments with six terrestrial plants and two 4
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aquatic species. Similar data were also extracted from the literature
for 18 additional plants. In general, CO, enrichment had little effect
on plant percent dry matter content, except under conditions conducive to
starch accumulation in leaves, and then it caused an increase in percent
dry matter content.

Idso, S.B. The three phases of plant response to atmospheric €O,
enrichment. Plant Physiol. (in press)

Several years of research on seven different plants {five terrestrial and
two aquatic species) suggest that the beneficial effects of atmospheric
CO, enrichment may be divided into three distinct growth response phases.
Fitst is a well-watered optlmummgrowthwrate phase where a 300 ppm
increase in the CO, content of the air generally increases plant
productivity by approxlmately 30%. Next comes a non-lethal water-
stressed phase where the same increase in atmospheric CO, is more than
half again as effective in increasing plant product1v1ty. Finally, there
is a water-stressed phase normally indicative of impending death, where
atmospheric CO, enrichment may actually prevent plants from succumbing to
the rigors of %he environment and enable them to maintain essential life
processes, as life ebbs from corresponding ambient-treatment plants.

Idso, S.B. Comments on "Biotic changes consistent with increased
seasonal amplitude of atmospheric CO, concentrations" by R.A. Houghton.
J. Geophys. Res. (in press)

In his analysis of possible biotic explanations for the observed increase
in the seascnal amplitude of the Earth’s atmospheric CO, concentration
over the period 1958 to 1982, Houghton [1987] concludes that the changes
in plant metabolism required to produce the measured increase in CO, -~
cycle amplitude are "too large to be explained by CO, fertilization," in
that they require "a biotic growth factor 2 to 4 times higher than most
short~term experimental evidence suggests.” I show herein, however, that
there are several well-documented phenomena which could significantly
increase the basic growth response of plants to atmospheric CO

enrichment by an amount which would make this mechanism fully capable of
producing the changes in Earth’s CO,~cycle amplitude measured over the
past quarter-century, noting further that it has also been admitted by
others who have studied this problem that no alternative phenomenon yet
suggested even comes close to providing a likely explanation for what has
been observed.

Idso, S.B. Detection of global carbon dioxide effects. Nature 329:293.

After reviewing a number of recent pertinent studies, it is concluded
that the case for global €0, effects on worldwide vegetative product1v1ty
appears to be firm. We know, for instance, that the terrestrial biota is
responsible for the seasonal cycle itself and that amplification of the
cycle with time appears to be explicable only in terms of CO,-induced
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stimulation of photosynthetic activity. Now, it also appears that a
unique asymmetry in the interannual variation in the seasonal cycle is
also explicable only in terms of photosynthetic variations. Hence, we
appear to have little recourse but to acknowledge the reality of this
ubiquitous phenomenon, as many have already done. Indeed, as Morison
(Nature 327.566;1987) has recently noted with respect to a number of
these studies, they emphasize "that the global rise in CO, is already
having important effects on the biosphere.”

9_02 AND CLIMATE

Idso, S.B. Greenhouse warming or Little Ice Age demise: A critical
problem for climatology. Theoret. Appl. Climatol. (in press)

A comparative analysis of long-term {several-hundred-year) temperature
and carbon dioxide (CO,) trends suggests that the global warming of the
past century is not due to the widely accepted CO, greenhouse effect but
rather to the natural recovery of the Earth from ihe glaobal chill of the
Little Ice Age, which was both initiated and ended by some unrelated
phenomenon, the latter expression of which is the very warming generally
attributed to the CO, increase of the past century. As a result, gaining
a better understanding of the Little Ice Age looms as a critical problem
in the climatology of the past with important implications for the
climatology of the future.

Idso, S.B. 00, and sea level. J. Coastal Res. 3(4):ii-iii.

The last several years have witnessed a major effort by a dedicated group
of highly visible and influential scientists to convince the governments
of the world that mankind faces a serious threat of significant sea level
rise as a result of the steadily increasing carbon dioxide {CO,)
concentration of Earth's atmosphere. This warming, together with an
equivalent warming which is predicted to result from concurrent increases
in other radiatively-active trace gases, could create severe problems for
coastal areas, if sea level rises in response to the melting of large
volumes of polar ice. However, there is no rational basis for believing
these doomsday predictions. Hence, although we should always be wary of
potential threats to the global environment, there would seem to be
little reason to worry about the rising CO, content of Earth’s
atmosphere. 1In fact, there is overwhelming direct experimental evidence
that this phenomenon will greatly increase the bioclogical productivity of
the globe; and there is almost irrefutable evidence that the biosphere is
already responding globally to the CO, increase of the past century and
may be a blessing in disguise.
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1dso, 5.B. The CO, /trace gas greenhouse effect: Theory versus reality.
Theor. Appl. Climatol. 38:55-56.

The CO, /trace gas greenhouse effect theory predicts that between 1880 and
1580 tﬁe northern third of the Earth should have warmed by about 5.7K.
However, the actual observed warming of this region over this time period
is seen to be only about 0.5K, or less than a tenth of what is predicted.
In view of these facts, I find it hard to believe that the current

€O, /trace gas greenhouse effect theory is not grossly in error. Do we
not thus have a moral responsibility to acknowledge that likelihood? I
believe that we do, and that we also have a professional cbligation to
strive to resolve the dilemma it presents.

Idso, 5.8B. Me and the modelers: Perhaps not so different after all.
Climatic Change. ({(in press)

Throughout the course of the CO, /climate controversy of the past decade,
I have invariably found myself at odds with most of the climate modeling
community. Many times, however, these differences have been more a
matter of interpretation and emphasis than they have of substance.

Hence, I feel an obligation to publically state that when it comes to our
separate assessments of the state-of-the-art of climate modeling, we
appear to be in near perfect agreement. My basis for this statement
comes from the recent review article of Schlesinger and Mitchell (Rev.
Geophys. 25:760-798}, and its somewhat longer forerunner published by the
U.S. Department of Energy in 1985, After studying their careful analyses
in some detail, I can truthfully say that I concur in every single word
of their conclusions and suggested goals of future research. And judging
from the list of people they acknowledge as having reviewed both versions
of their paper, I would seem to be in good climate modeling company in
this concurrence.

Idso, 5.B. 'The atmospheric effects of nuclear winter — a review.
Atmos, Environ. (in press)

Are volcanic explosions valid analogues of nuclear detonations with
respect to the effects which both phenomena may have on Earth’s climate?
This important guestion has recently been the focus of some discussion.
In this additional contribution to that debate, I review the topic in
some detail within the context of the "nuclear winter® hypothesis,
finding that proponents of that theory relied on a very tenuous
valcano/climate relationship to lend credence to their model predictions
of post-war climatic catastrophe.
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WHEAT

Reginato, R.J., Hatfield, J.L., Bauer, A., Hubbard, K.G., Blad, B.L.,
Ranemasu, E.T., Major, D.J. and Verma, S.B. Winter wheat response to
water and nitrogen in the North American Great Plains. Agric. For.
Meteorol. (in press)

A unique, identical experiment was conducted at five locations in the
North American Great Plains, from Alberta, Canada to Texas, USA, in 1985
and 1986, to investigate the response of winter wheat (Triticum aestivum
L.) to water and nitrogen fertility treatments under these climatic
regimes. The experimental design consisted of four nitrogen levels,
three irrigation regimes, two cultivars, with four replications. One
cultivar, Colt, was common to all locations.” Crop response throughout
the growing season was monitored by intensive plant sampling, measuring
spectral reflectance, evaluating canopy temperature, and by detailed
measurements of the microclimate and of soil water content. This paper
discusses the procedures common to all locations. The papers which
follow in this issue present the results and significance of these
experiments, each paper treating a different aspect of the experiment
across locations.

Zipoli, G., Pinter, P.J., Jr., Reginato, R.J., Jackson, R.D. and Idso,

S.B. Canopy temperatures for assessing water use and yield performance
of wheat cultivars. IN: Proc. Intem. Conf. on Measurement of Soil and J
Plant Water Status, Logan, UT. 6-10 July 19B7. Vvol. 2:93-98. .

Six cultivars of spring wheat (Triticum aestivum, L.) representing lines
which had been selected for relatively high yield potential under water
limiting conditions were grown under well-watered and drought-stressed
irrigation regimes in Phoenix, AZ. Midday canopy temperatures were
measured daily using handheld infrared thermometers. Water use was
estimated by soil water depletion information obtained with neutron
scattering techniques three times a week. Yield components were
determined at harvest. Cultivars with the highest average canopy
temperatures under well-watered conditions used the least amount of water
and performed the best when exposed to drought stress during development.
Those exhibiting the coolest midday temperatures used a maximum amount of
water and yielded poorly when compared with a non-stressed check.

Results suggest that canopy temperatures may be a useful non-destructive
technique for determining relative yield performance of cultivars
subjected to water shortage during growth.

NEUTRON PROBE

Reginato, R.J. and Nakayama, F.S. Neutron probe calibration based on
plastic transfer standards. Soil Science. (in press)

Bn accurate calibration of a neutron probe for the field measurement of
soil water content is not a simple task. The most straightforward

S
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calibration technique is done in the field by determining the volumetric
soil water content of soil cores taken around the access tube and
relating it to the instrument reading. Although the sampling procedure
is time consuming and sometime arduous, it is probably the most accurate
method currently in use. Plastic cylinders of different outside
diameters have been found to be valuable intermediate standards for
transferring the field calibration from one neutron probe to another when
the detector type, source strength and geometry are similar. This new
technique will greatly facilitate the calibration of any number of
neutron probes in many different soils.

COMPARISON QF BELACK BODY CALIBRATION DEVICES

Portable black body calibration devices (BB} incorporating a thermistor
sensor imbedded in a circular metal "bullseye" and a LCD readout of
target temperature are commonly used to check the performance of handheld
infrared thermometers (IRT) during agricultural field experiments. The
amount of time required for these passive instruments to achieve thermal
equilibrium with ambient temperature conditions and confirmation that
IRT's can be compared with the BB readout display even during conditions
of rapidly changing temperatures was investigated in a prior report,
Since that time a number of these devices have been acquired from Everest
Interscience Inc. Because these BB's are often used interchangeably
between experiments and some investigators derive an IRT correction
factor from checks made before and after each field experiment, we deemed
it appropriate to investigate their behavior in more depth.

Accordingly, a laboratory evaluation was performed to address several
concerns expressed by individuals using the BB's. First, we examined how
closely the BB's corresponded with an independent measure of air
temperature measured with a mercury-in-glass, NBS traceable thermometer.
Second, we observed the amount of time required for BB’s enclosed in an
insulated, protective housing to come to thermal equilibrium with ambient
temperature. Finally, we investigated the relationship between surface
and the display temperature of the BB under changing conditions
approximating those encountered when the device encounters a large step
change in ambient temperature.

Methodology and results

The first experiment was designed to compare the factory-set thermistor
calibration of the BB’s with ambient air temperature and also with the
surface temperature of the BB’s as measured with an IRT. Five BB devices
were removed from the insulated boxes which are normally used in our
field experiments and placed adjacent to one another in a constant
temperature room wherein the ambient temperature could be controlled to
approximately +1.0°C. Then approximately 2 hours after the room had
stabilized at a temperature of about 10°C, the LCD display of each BB was
recorded along with the air temperature measured with an NBS traceable
thermometer which could be read to the nearest 0.1°C. The surface
temperature of each BB was also measured with an Everest Interscience IRT
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(SN 138; 15° field-of-view; 8-14 ym bandpass filter). The room
temperature was then increased by several degrees, allowed to stabilize ll'
for about an hour and new readings were recorded. This procedure was

repeated at temperatures representative of those which might be
encountered in our field experiments.

Results showing correspondence between the BB display and air temperature
of the room are given in Table 1. Discrepancies of -1.1 + 0.2°C were
noted at the 3 coldest temperatures. These were probably due to the fact
that the room was gradually warming and the BB’s were not in thermal
equilibrium with the ambient room temperature. At room temperatures of
18.7°C and above, correspondence between the display and room temperature
were excellent.

We also found good agreement among the BB’s at all room temperatures.
The individual deviations of each BB from the average temperature sensed
by all the BB's are shown in Figure 1. Overall, these deviations were
relatively small, on the order of 0.1 to 0.2°C. For the majority of
agricultural research purposes, errors of this magnitude can probably be
ignored, considering the + 1°C stated accuracy of most handheld IRT’s.
This implies these devices could be used interchangeably between
experiments without introducing substantial bias into the data.

The BB display was consistently about 0.5°C warmer than the temperature
measured with IRT SN 138 (Table 2). These deviations may be due to the
calibration of the IRT since an independent check using an Advanced {
Kinetics extended blackbody also indicated a similar tendency at some '
ambient temperatures., If this offset is taken into consideration, the BB
display and IRT show excellent agreement over the entire range of ambient
temperatures between 9.7 and 38,1°C,

The second phase of our investigation examined the time constant of the
BB’s when exposed to a step change in ambient temperature. This was
designed to simulate conditions that might be encountered when a BB was
taken from a building or automobile into the field where temperatures
might be considerably warmer or cooler. BB'’s were first equilibrated to
room temperatures of about 25-27°C, then they were transferred to a
constant temperature room where the temperature was controlled (+ °C) to
simulate either warm (39°C} or relatively cool (15°C} conditions. In
this experiment, all of the BB’s were enclosed in the insulated boxes.
that we usually use in field experiments. Every 10 minutes, the doors of
the boxes were opened, display temperatures noted and the doors quickly
shut again, Ambient room temperatures were recorded via the mercury-in-
glass, NBS traceable thermometer.

Results for 5 of the Everest BB’s are shown in Figures 2 and 3, along
with the trend in ambient room temperature. As expected the BB’s
required a long time to approach thermal equilibrium. In fact after 3
hours of monitoring, we terminated the experiment even though the
displayed temperature still had not reached the room temperature. If we
define the time constant as the time required for a device to achieve a .
65% response to a step change in ambient conditions, we find that it took - ./
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about 90 min. for the warmer room temperature and about 100 min. for the
cool room. The time constant for 90% response was 125 min, and 170 min.
for the warm and cool rooms, respectively. These data are about twice as
long as those shown in the 1981 Annual Report for BB's without insulated
boxes (Figure 1; p. 188). We noticed that one BB (SN 100) had a time
constant that was shorter than the others. After the first 20-30 min. of
the experiment it was consistently about 1°C below {cool room) the other
BB's. Closer inspection revealed that the circular black aluminum target
on BB SN 100 was émm thick while that of the others was 15.5mm in
thickness. The smaller mass required less time to respond to changing
ambient conditions. This BB was also evaluated in the 1981 study and was
found to have a shorter time constant.

Figure 4 shows results of a similar test conducted with two of the BB’s
evaluated earlier and two additional BB’s that are used at the
laboratory. One set of BB’s (SN 102 and 7418) were tested in the
insulated boxes as before; the second set (SN 103 and 130) were tested
without the boxes, just as they are sold by the manufacturer. These
conditions are labeled "BB W/BOX" and "BB W/0 BOX" in the figures. The
difference in time constants between the two conditions was dramatic.
The BB’s in insulated boxes reached 65% response within 100 minutes but
it only took 20 minutes to achieve the same response without the box.
After 1 hr. the unboxed BB’'s reached 90% of the total response.

An IRT SN 138 was used to measure the radiometric surface temperatures of
the above BB’s during the same test. Results show very good agreement
between the display temperature and that estimated using the IRT {(Fiqure
5}. This indicates that the IRT can be checked with the BB calibration
device in the field under non-equilibrium temperature conditions.

Conclusions

Laboratory testing of 7 portable Everest black body calibration devices
(BB} revealed performance characteristics acceptable for general field
use. Temperatures displayed by the devices corresponded well with air
temperatures measured with a reference mercury-in-glass thermometer. In
addition, we found that all BB devices agreed closely with one another
despite the fact that several had been in continuous use for 6-8 years.
The time required for the BB’s to come into equilibrium with a new
ambient temperature depended on the insulating properties of the
protective housing. BAn unshielded BB reached 65% of its total response
in about 20 min. while a BB housed in the insulated boxes we commonly use
in our field experiments regquired 90-100 min. to achieve the same
response. This long response time however, does not affect the BB use in
the field. We found good agreement between surface temperature of the BB
target and the BB display even under changing ambient temperature
conditions,
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LYSIMETER FIELD

3
i

During 1987, a subsurface trickle irrigation system was installed in the
lysimeter field. From the main water line used for flood irrigation,
another line was connected for the trickle system. A valve, sock-type
filter, and pressure regulator were connected in series before the main
distribution line. Submains went to each plot through a solenoid valve
(on-off), two manual readout water meters {metric), a venturi unit for
adding liquid fertilizer, and an air relief valve. The controls for each
of the subplots (A,B,C} were placed on the north side of the upper berm
for each of the main plots (1-6}. Flush lines were installed with valves
in order to be able to clean out the lines as needed.

The lysimeters were not plumbed separately, but were connected into the
regular field lines by going over the rim of each lysimeter. This posed
a few problems (the proper number of emitters in the one square meter,
etc.}, but by trial and error and the installation of valves, the
problems are now minimal.

The double tube trickle lines, with emitters spaced at 30 cm intervals,
were buried 22 cm deep and were spaced 50 cm apart. This arrangement is
more than double the capacity of conventional systems, but we designed
ours such that we should be able to keep plants well watered and maintain
the soil surface either dry or wet. Also, we wanted to be able to put on
a significant amount of water in as short a time as possible. For plots
1, 2, and 3 the lines were buried in an east-west orientation, and for
plots 4, 5, and 6, the lines ran north-south. This gave us the
opportunity to study the effects of row orientation on our remotely
sensed data.

All the supplies were purchased from a single company, and the system was
installed with local slave labor, who did an outstanding job. It has
taken several months to work out the bugs and to learn how to use the
system. Until the new data logger and control system is received and
installed, we still have to turn the sclencid on and off by hand in order
to irrigate each plot.

MACII

Introduction

An experiment was conducted during the second week of June 1987 at the
University of Arizona Maricopa Agricultural Center, 40 km south of
Phoenix, AZ. The purpose of this study was (1) to assess the spatial and
temporal distribution of evapotranspiration, ET, over several '
agricultural fields, (2) to assess the potential of using bare soil

surfaces of different roughnesses {low reflectances) to evaluate

atmospheric models for interpreting aircraft and satellite data, and (3)

to investigate the possibility of calculating aerodynamic resistance over
partial canopy cover. A unique part of this experiment was that the 27 ; ‘
participants, representing 7 departments from 5 universities, 6 offices o
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from 3 federal agencies, 2 private institutions and 1 foreign national
agency, were funded by their respective organizations for their part in
the overall experiment. This report includes individual contributions
from several of the participants, each composing a single chapter. what
follows is a brief description of the experiment.

A Landsat overpass occurred on 11 June 87 and SPOT on 09, 13 and 14 June,
Weather conditions for the SPOT were excellent, but the 1llth was cloudy,
so no TM data were obtained. Low level (150 m} aircraft spectral data
were collected on the 09th, 1llth and 14th of June. Mounted in the
airplane were a four-band radiometer with {as appropriate) TM or SPQT
filters, an infrared thermometer, a video camera {(to see .the areas flown
over) and a data logger collecting the data over all areas of interest.
The fields of view of the various instruments and the speed and altitude
of the aircraft resulted in about 18 to 20 observations {40 m diameter
circles} being taken over a 1.6 km path. There were 10 such paths
(different surfaces) over which the aircraft flew.

Ground-based instruments were used to evaluate atmospheric, soil and
plant properties at various times during the week-long experiment. The
optical depth of the atmosphere was determined in order to allow a
comparison between satellite-, aircraft-, and ground-based reflectance
factors. Untethered radiosonde data were also collected to aid in
characterizing the atmosphere. Reflectance data were collected over bare
soil, disked wheat stubble, alfalfa and cotton for comparison with
aircraft and satellite data. Over a moderately rough soil an 8~band
multi-modular radiometer with ™M filters and a 4-band radiometer similar
to that mounted in the aircraft were hand carried in a nadir position
over a series of transects covering a 16 x 4 TM pixel area. Another
identical 4-band radiometer with SPOT filters was used to collect data
over alfalfa, cotton, bare soil, and recently plowed wheat stubble. The
radiometer was held at the same look angle as the SPOT satellite in
addition to a nadir view. These data were collected at the same time of
the satellite overpass, which coincided with the aircraft overflight.

Additional ground-based measurements were designed to examine the effect
of sensor viewing angles on the apparent reflectance factors of 7
representative ground cover classes present at MAC on both days of the
overpass. This experiment utilized a handheld Exotech radiometer
equipped with filters similar to those on the SPOT platform to obtain
data along transects in cotton with east-west row orientation, well-
watered and stressed alfalfa fields, disked wheat stubble, laser leveled
soil fields, vough soil fields and the farm access roads. Results
demonstrated the efficacy of a handheld radiometer in gathering ground
truth reflectance data. For most of these cover classes this was the
only source of information concerning the directional reflectance
properties during the time of each satellite overpass. Results
illustrated the dependence of bidirectional reflectance properties on
wavelength interval and physical characteristics of the target. For the
soil targets, micro-topography of the surface and the shadowing
associated with it produced had the largest influence on bhidirectional
reflectance properties. Smoother surfaces displayed much less variation
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with changing radiometer viewing direction. In non-vegetated targets, 4
off-nadir reflectances in each wavelength were affected similarly. ‘
However, visible and near-IR wavelengths behaved quite differently when
vegetated targets were viewed from an off-nadir direction. This was

attributed to the relative high transparency of plant leaves to near-IR

light. It was especially pronounced because of the partial alfalfa and

cotton cover. But the same effect is expected to persist for denser

canopy cover conditions. The handheld data also documented several cases

where the actual ground reflectances changed from one day to the next,

In one instance it was because the surface soils were drying after an
irrigation; in another the alfalfa plants were actually growing so

rapidly that more biomass was changing in the 24h period. The point was

made that these changes were real and reflectance differences from one

day to the next in the satellite data cannot be attributed solely to

differences in view angle and atmospheric conditions.

Plant and soil temperatures, both shaded and unshaded, were taken half-
hourly from about 0800 to 1300 each day with hand-held infrared
thermometers in a cotton field which had about 20-25% canopy cover. This
information was collected to examine how one might be able to extract
plant temperature from a composite temperature measured from the aircraft
or satellite. Additionally, these data were to be used in the
calculation of aerodynamic resistance where the surface temperature is a
primary factor. Adjacent to one of the two surface temperature
measurement sites was a tower upon which air temperature and windspeed ;
profiles were measured. Plant, soil and air temperatures and windspeed ; i
measurements were taken to examine the calculation of aerodynamic :
resistance over a regular, but partial, canopy cover. .

Measurements of latent heat flux on the ground were obtained from 4 Bowen
ratio systems and 4 eddy correlation systems based over cotton, alfalfa

and bare s0il. These systems operated almost continucusly for the 5-day
period. A balloon tethered over alfalfa was used to measure profiles of

air temperature, dew point and windspeed to a height of 100 m to examine

the development of the boundary layer and to assess the contribution of
advected energy to the latent heat flux. In addition to these detailed )
micrometeorological measurements, half-hourly values of routine weather

data were collected around the farm from 3 weather stations.

To characterize the cotton field, various plant measurements were made.
Canopy cover was determined photographically and from measurements of
plant height and width. From plant samples taken to the laboratory, leaf
area and biomass were determined. Also, leaf angle measurements were
made on cotton plants from about 0900 to 1500 h for 3 days. Stomatal
conductance of cotton was measured diurnally for 5 days with a commercial
diffusion porometer,

The twenty-seven people who actively participated in this week-long
experiment represent the following institutions:
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U.5. Department of Agriculture, Agricultural Research Service
Water Conservation Laboratory, Phoenix, AZ
Hydrology Laboratory, Beltsville, MD
Remote Sensing Laboratory, Beltsville, D

U.S. Department of Interior, Geological Survey
Water Resources Division, Phoenix, AZ
Water Resources Division, San Diego, CA

University of Arizona
Agricultural Engineering Department, Tucson, AZ
Optical Sciences Center, Tucson, AZ
Natural and Renewable Resources Department, Tucson, AZ
S50il and Water Science Department, Tucson, AZ

Utah State University
S50il Science and Biometeorology Department, Logan, UT

Naticnal Aeronautics and Space Administration
Laboratory for Terrestrial Physics, Greenbelt, MD

New Mexico State University
Agriculture Department, Las Cruces, NM

Ministry of Agriculture, Forestry and Fisheries
National Agriculture Research Center, Yatabe, Tsukuba, JAFAN

Kansas State University
Evapotranspiration Laboratory, Manhattan, KS

ERDA, Inc., Atlanta, GA
Battelle Pacific Northwest Laboratories

Terrestrial Sciences Section

SOIL AND PLANT EMISSIVITY

Introduction

The use of infrared thermometry (IRT} to measure surface temperature is
becoming more common with the availability of small, easy-to-use IRT'S.
These units can measure absolute temperatures for a blackbody surface
with an emissivity of unity. However, surfaces encountered in the field
have emissivity values less than one, and we cannot accurately calculate
the surface temperature without knowledge of an object’s emissivity.

Emissivity is defined as the ratio of the emittance of a given surface at
a specified wavelength and temperature to the emittance of an ideal
blackbody at the same wavelength and temperature. Several procedures
have been proposed for the calculation of the emissivity of different
surfaces. The purpose of this study was to evaluate the emissivities of
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soils and plants at the University of Arizona Maricopa Agricultural
Center (MAC} for use in experiments to assess evapotranspiration using .
remotely sensed parameters.

Methods and materials

The equipment used to determine emissivities was an Everest infrared
thermometer with a 15 degree field-of-view and a 8-14 ym bandpass
inserted into a 63 centimeter-tall "skewed" aluminum cone similar to the
one described by Fuchs and Tanner {1966). Measurements were made before
dawn under clear sky conditions. Emissivity was calculated from the data
according to the expression

g = (T - TH/AT - T) (1)
Where €, is the thermal emissivity for the spectral band used in
temperature determinations, T, is the brightness temperature (in degrees
Kelvin) of the exposed surface measured by the radiometer, T, 1is the
radiation temperature of the global background environment {sky
brightness temperature), and T is the measured radiation temperature of
the surface when covered by the low emissivity cone {assumed to be the
thermodynamic temperature}.

The infrared thermometer (IRT), connected to a data logger, was inserted

into the cone, and the first measurement consisted of obtaining the sky ,
temperature (T ). This was done by pointing the IRT skyward up 45 { )
degrees from tﬁe horizon, and taking 10-12 measurements in that many )
seconds as the IRT was rotated in a circle at that orientation, These .
measurements were taken before and after the surface readings. The total

20-24 “"circle" readings were averaged to cbtain a single value for use in

Eg. 1. Previous observations of sky temperature indicated that this was

a rather simple method and agreed guite well with another procedure which
averaged a dozen readings taken in each of two transects (north-south and
east-west) traversing arcs of about 160 degrees from about 10 degrees

above the horizon in the north {east) to the south {west). Next the IRT

was pointed towards a soil or plant about 1-2 meters distant, and 6

readings were taken (T&). Then the cone and IRT were placed very

rapidly over that observed area, and after completely covering the

surface, the first surface temperature (T ) reading was recorded.

Results

The three temperature measurements were then used in Eq. 1 to determine
the emissivity of bare soil with varying surface roughness and of cotton.
There were five surfaces in common for 1986 and 1987, and the calculated
emissivities and standard deviations are given below:
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Emissivity
Surface 1986 1987
Dry bare soil, medium rough 0.962 + 0.005 0.965 + 0.021
Dry bare soil, rough 0.967 + 0.006 0.961 + 0.012
Dry soil with plowed straw 0.969 + 0,007 0.973 + 0.018
Cotton plants 30 cm tall 0.987 + 0.006 0.978 + 0.010
Dry soil in cotton furrow 0.984 + 0.002 0.982 + 0.008

These data demonstrate that bare soils, regardless of the surface
condition narmally encountered in the field, have an emissivity of 0.96,
but the soil that was plowed and has some straw exposed has a slightly
higher emissivity, 0.97. The cotton plants and the soil in the furrows
under the cotton have an emissivity of about 0.985. It is of interest to
note that the calculated emissivities for both years are quite similar.

PERSONNEL
R. J. Reginato, R. D. Jackson, S. B, Idso, P. J. Pinter, Jr.,

M. 5., Moran, T. R. Clarke, R. 5. Seay, S. M. Johnson, C. E. McGuire,
B. L. Carney, B. L. Murphy.
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Table 1, Differences {°C} between room temperature {(measured with the NBS
traceable thermemeter) and the LCD display temperature of each Everest
Interscience blackbody calibration device. Positive values indicate that the
BB device measured a temperature warmer than the room temperature.

Room BB DISPLAY MINUS ROOM TEMPERATURE (°C)
TEMR . e e e e e st 4 e it
teC} SN 435 SN 88 SN 100 5N 182 SN 1083
9.7 -@.9 -1.0 -1.08 ~1.0 ~1.@
192.3 -1.1 -1.2 ~l.1 ~1.4 -1.3
12.8 -@.8 -1.1 -1.2 -1.3 —G.S
18.7 -3.1 -g.2 -8.3 -@,.3 ~@.2
19.0 -B.2 -@.3 -@.3 ~-B.4 -@.3
20.4 -@.3 . -@.4 -@.1 +0.1
8.4 +.1 +@.2 +06.2 +@.2 +@,3
24.5 +2.1 +2.1 2.0 9.0 2.9
2&.4 +@.2 +@.1 +0.1 P.0 +0.1
ag.2 -@.3 ~-@.2 -@,1 9.0 P.0
30.7 g.9 0.9 +@.1 +0@.1 +@.1
33.7 +8.3 +0.4 +6.5 +0.4 +@.4
33.7 +0.3 +0.4 . +0.6 +0.3 +0.4
JB.4 +4.3 +4.4 - +8.5 +0,5 +0.4%
38.1 +B.,4 +0.4 +0.7 +0.7 +0.4&
Mean -p.13 ~B.12 -B.11 -@.14% -@.09
SD g.47 0.57 B.61 P.64 0.39

4

Table 2. Differences between the BB displays and the radiant surface
temperature measured with an IRT (SN 138). Positive values indicate the BB was
warmer than the IRT measured temperature.

ROOM BB DISPLAY MINUS IRT TEMPERATURE (°C)
13 - P — S
{oC) SN 45 SN 88 SN 1p@ SN 162 SN 103
9.7 .3 6.3 6.1 3.1 6.2
16.5 6.1 6.3 2.0 2.0 @.2
12.8 .3 6.3 3.3 6.1 6.2 ]
16.7 6.5 6.5 8.4 6.4 6.5
19,0 6.5 3.4 .5 0.4 0.5
20.4 .5 0.6 6.5 6.5 6.4
20.4 8.5 6.5 6.5 6.5 0.6
2.5 .5 6.7 6.4 2.7 0.4
26.6 6.4 6.6 6.7 6.6 .7
36.2 0.6 6.6 8.7 2.7 6.7
30.7 8.6 2.4 8.7 6.7 8.7
33.7 8.5 6.5 8.7 0.7 6.7 3
33.7 8.5 .5 2.7 6.7 .7 .
30.4 B.4 8.4 9.4 6.7 8.7 “‘i’
3.1 3.4 2.5 6.4 2.6 6.7
Mean .45 @.49 .51 B.49 8.54
SD 164 .1
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Figure 1, The deviation {in °C) of each BB's display temperature from the average of all five
display temperatures at various ambient room temperatures. In this 3-dimension representation,
peaks indicate individual BB values higher than average while valleys indicate values lower than
average.
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Figure 2. Everest black body response to a step increase in ambient
temperature. Data are shown for five BBs in insulated boxes; room temperatures
were measured with a NBS traceable thermometer.
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Figure 3. Everest black body response to a step decrease in ambient {M f
temperature. Data are shown for five BBs in insulated boxes; room temperatures ‘

were measured with a NBS traceable thermometer,
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Figure 4. Everest black body response to a step increase in ambient
temperature. Average data for two BBs in insulated boxes and two BBs without
boxes are shown with room temperatures measured with the NBS traceable

thermometer.
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Figure 9. Comparison of IRT surface temperatures with BB display temperatures
during a step change in ambient room temperature. Averages for two BBs in
insulated boxes and two BBs without boxes are shown with room temperatures
measured with the NBS traceable thermometer. A uniform 0.5 °C offset was added -
to the surface temperatures of the BBs that were measured with IRT SN 138
(15°fav, B-14pml.
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INTRODUCTION

To determine the effects of the increasing atmospheric €O, concentration
on the growth and water use of crops, the U. S, Water Conservation
Laboratory and the Western Cotton Research Laboratory cooperatively
conducted two experiments during 1987. 1In the larger experiment, which
was belng conducted for the second year, the effects of the three-way
interaction between increased CO, concentration, water stress, and low
fertility on the growth of cotton were investigated. Secondary objec-
tives were to determine the effects on the physiological determinants of
crop yield, on water stress and stomatal behavior, and on biochemical
reactions that limit photosynthesis. Open-top chambers were used to
confine the CO, around the field-grown cotton,

In many prior experiments reviewed by Kimball (1983) conducted under

mostly ideal conditions in greenhouses and growth chambers, and also in

field experiments conducted by us (Kimball et al., 1983, 1984, 1985)
under well-watered and fertilized conditions, most crops and cotton in
particular have produced large increases in yield with a doubling of CO,
conicentration. However, much of the world’s agriculture and the
unmanaged biosphere suffer often from insufficient water and nutrients.
Consequently, a multivariate experiment was needed to determine how
productivity will be affected under conditions of water and nutrient
stress in the future high CO; world. In 1986 we (Kimball et al., 1986)
conducted such an experiment, and in 1987 we sought to replicate that
experiment in time, which 1s the first toplc of this report.

In the second experiment conducted in 1987, the effects of CO, on cotton
growing in an open field were observed. The CO, was applied using two
methods: (1) irrigating with carbonated water (fizz water), and (2)
releasing gaseous CO; at the soll surface -- a free-air CO, enrichment
(FACE) experiment. This experiment too was the second year of an
experiment initially conducted Iin 1986 (Kimball et al., 1986). The
lmpetus to conduct the fizz experiment was that prior greenhouse
experiments (Mauney and Hendrix, 1988) have shown large increases in
cotton yleld when irripgated with fizz water, and a field experiment was
needed to determine whether such a treatment would be a practical means
to improve cotton ylelds. The 1986 results were encouraging with about
an 11% increase in seed cotton yield (when the yield of 1 abnormally
productive control plot was lgnored), but additional confirmation was
badly needed. The FACE experiment in 1986 was similarly encouraging
with about a 22% increase in seed cotton yield, but prodigious amounts
of CO; were required to enrich for 1l hours per day from 06:00 to 17:00.
Therefore, in 1987 the daily enrichment was reduced to 4 hours per day
from about 10:30 to 14:30 which was approximately symmetrical about
solar noon, when it was felt that enrlchment would be most effective
under the highest solar radiation levels,
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OPEN-TOP CHAMBER CO,-WATER-NITROGEN EXPERIMENT QN COTTON
A, Materials and Methods
1. Culture of the experimental crop

The cotton crop was grown on the field just west of the Western Cotton
Research Laboratory, Phoenix, Arizona, on identically the same plots as
the 1986 experiment (Kimball et al.,, 1986). A plot plan is shown in
Figure 1. The soil is Avondale clay loam (Fine-loamy, mixed (cal-
careous), hyperthermic, Anthropic Torrifluvent). Following the 1986
experiment, all equipment was removed from the field, and it was tilled
and planted to a winter crop of barley. The barley was cut and removed
from the field before it was mature. There were obvious differences in
barley growth among the plots indicative of the CO,-water-nitrogen
treatments of the summer before., The main purpose of the barley crop
and of placing the 1987 plots on exactly the same spots as the year
before was to make the "none-added" nitrogen treatment be as severe a
low fertility treatment as possible.

After removal of the barley crop, the field was disked and ploughed inte
ridges and furrows at the beginning of April. A preplant herbicide,
Prowl! (diuron) was applied at a rate of 1 pint/acre on 4 April 1987.
Using a two row planter, cotton (Deltapine-6l) was planted on 7 April
1987. The planting was done on the top of raised beds with a furrow

: between each row spaced 1.016 m (40 in.) apart. Following planting,

; neutron access tubes were agaln installed as in 1386, and again the

‘ gravel layer restricted their possible length in the more northern
plots, Open-top chamber construction started om 13 April, using the
same design as before, and was mostly completed by 16 April, including
installation of the same drip irrigation system with the tubes placed
next to the plants in each row. Starting the afternoon of the 16th and
continuing all night, a large (89-144 mm) irrigation was applied to all
the plots (Table 1). The seed was sprouting by the 20th, but there was
some crusting of the soil surface, so a light irrigation (12-18 mm,
Table 1) was applied to all the plots on 23 April. The tops of the beds
were manually raked off in places where the cotton was planted partic-
ularly deep, and by the 24th at least 50% of the plants were emerged.
Transplants were used to fill some gaps on 29 April, and another light
irrigation (14-22 mm, Table 1) was applied to all plots om 30 April.
Additional transplanting and an additional light irrigation were applied
on 4 and 5 May, respectively. The plants were thinned (along with a few
more transplants to fill some persistent gaps) to a uniform 10 per meter .
or 100,000/ha on 8 May, the same day the CO, enrlchment treatment was
started.

To prevent some of the insect problems experienced in 1986, Temik was
applied along the rows 1in the chambers on 8 May. An aggressive insec-

‘- 1 Irade ond compeny namaes are mantioped for the bepefit of the reader and do naot imply preferentlal
treatment or endorsament of the products listed by the U, S. Department of Agriculture.
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ticide application program was followed in 1987 (Table 2), and insect ;
damage was minimal. ‘

2., Irrigation and water use

As already mentioned the same drip irrigation system was used as in
1986, which had emitters (2 1l/hr at 10 m of head) spaced every 0.25 m.
After stand establishment, the same formula, Equation 1, was again used
to calculate the amount of water to apply weekly (usually Tuesdays) to
the well-watered ("wet®) plots:

irrigation amount =~ pan evaporation x (LAI/3) (1)

where LAI is the leaf area index prejected from the previocus week’'s
destructive plant harvest. Above a LAI of 3, the irrigation amount was
the pan evaporation amount of the previous week. The pan evaporation
was the amount of water that evaporated from a Class A pan located
beside the field during the previous week. The dry or water-stressed
plots received 2/3 of the amount of water applied to the wet plots.

Rainfall was measured from a gauge beside the field, and the rainfall
amounts were subtracted from the calculated irrigation requirements each
week, Also, any shortage (or excess) of the actual amount applied from
the target application for a particular week was added {or subtracted)
from the target application for the next week.

The irrigation system was split into four sections: wet-N*, wet-N"+ dry- ' :
N*, and dry-N~ plots each being irrigated together. The amounts of ‘
irrigation and rainfall applied to the irrigation blocks are given in
Table 1 and Figures 2 and 3, along with the "consumptive use" curves of
Erie et al. (1981). The amount applied deviated from Erie et al, early
in the season because of the initial stand-establishment irrigations.
Then on 16 June there was a failure of an irrigation timer plus a break
in a pipe connection resulting in too much water being applied to the
wet«N~ plots. To treat all the wet plots as nearly alike as possible,
it was then decided to give additional water to the wet-N' plots also;
then there was another problem with pipe connections in the wet-N'
plots. The result was that all wet plots were over-irrigated on about
day 170, which caused the abrupt jumps above the Erie et al. curves then
(Figures 2 and 3), but subsequent irripations were close to the target
amounts so the Irrigation curves parallelled the Erie et al. curves for
the rest of the season. Fortunately, there was no problem with the
irrigation system in the dry plots, and they experienced a water deficit
for most of the season.

The total water use for each of the plots is presented in Table 3. The

change in soll water storage between 16 April and 9 Qctober was calcu-

lated from neutron soil moisture storage measurements made on those

dates. The wet plots gained an average 23 mm from storage over the

season (ignoring any that might have been lost below the root zone

during the season), whereas the dry plots were an average B4 mm drier at

the end of the season. There were no consistent differences in water | /
use assoclated with the C0O, treatments, Compared to the amounts of .
water applied by irrigation and rainfall, the soil storage changes were
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very small (-1.7% for the wet plots and -8.1% for the dry plots),
Therefore, the total water use was very close to the total amount of
water applied.

3, Nitrogen applications and uptake

Before planting and after harvest soll samples were taken from each of
the plots for analysis of NO; -N and total N. Using an Oakfield probe,
core samples were taken from 2 within-row and 2 between-row sites in
each chamber from 0-150, 150-300, and 300-600 mm depths. The so0il from
the same depth increments in each chamber was composited, and a sub-
sample was saved for analysis. The specific ilon electrode method was
used to determine NO;  following extraction with CaS0, (Keeney and
Nelson, 1982), and the regular Keldahl method was used for total N
(Bremmer and Mulvaney, 1982),

Starting on 2 June, urea was Injected into the irrigation water applied
to the N* plots. The urea was dissolved into about 15 liters of water
to make a stock solution, which was injected into the irrigation pipe
using a commerclal water-pressure-driven suction device. The actual
injection took about half an hour near the middle of each irrigation
with unfertilized water passing through the system before and after each
injection. Starting on 14 July, a switch was made to Uran-32, which
supplies readily available NO™;-N, as well as NH}-N (Table 4). The
nitrogen applications are summarized in Table &4, with the seasonal total
being 231 kg N applied per ha. The results of the soil nitrogen
analyses are presented in Table 5. The nitrate-N contents of the dry
plots appeared to be somewhat higher, but there was no obvious effect of
the CO, treatment or, surprisingly, of the nitrogen added treatment.

The decreases In nitrate-N content from beginning to end of the experi-
ment were not consistent, and in many plots, the contents actually
increased. However, the changes were small compared to the 231 kg/ha
added to the N' plots.

The total-N analyses (Table 5) also were not helpful in determining the
amount of N availlable from the so0il during the course of the experiment,
The "background" N in the soil organic matter was simply too high for
such a soll analysis technique.

4, Carbon dioxide concentrations

The €O, concentrations were again continually monitored with the
automatic sampling/control system, as described previously (Kimball et
al., 1983, 1984, 1985, 1986). The diurnal patterns of mean €O, concen-
trations for the 1987 experiment are presented in Figures &4-7. Like
previous years, the ambient concentrations underwent a diurnal wvariation
from about 350 pl/f in daytime to about 400 p2/2 at night. The enriched
plots also exhibited some diurnal variatien, but it was less pronounced
because of the controlled set point at 650 uf/f, After sunrise each
day, the concentrations decreased below set polnt for an hour or twe
until the system responded to the higher level of atmospheric turbu-
lence. After sunset, concentrations rose above set polnt until the
system similarly adjusted to calmer night conditions.
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The overall CO, c¢oncentration means and standard deviations of the indi-
vidual observations are tabulated in Table &. 1In 1987, they averaged
344 + 40 and 630 % 79 ul/f during daytime, 385 + 57 and 651 + 83 during
nighttime, or 363 + 52 and 639 + 82 averaged over a whole (24 hr) day
for the ambient and "650" treatments, respectively.

An independent check of the chamber CO, concentrations was performed in
1987, and these results are presented in Table 7. A Li-Cor Model 6200
portable photosynthesis system was used to measure leaf photosynthesis
about twice a week for much of the season. The sampling procedure is
described in wmore detail later, but briefly, starting about 10:00 on
each sampling day, photosynthesis measurements were taken sequentially
in each chamber. The air in each chamber was analyzed for CO, concen-
tration using this system as part of the measurement. Within each
chamber, three leaves were measured near the top of the canopy of the
middle row starting first near the door and progressing toward the back,
The mean absolute CO, concentrations recorded during the course of each
photosynthesis determination (the CO, concentration declined a few pf/%
during the course of each measurement) were recorded, compiled, and
subjected to an analysis of variance (Table 10, Kimball et al., 1986).
As expected, day-of-year was a highly significant factor as windiness
varied from day to day, but this was of no special interest, so the data
were averaged for the season. Also as expected, neither irrigation nor
nitrogen nor reps significantly affected the CO, concentrations, so the
results were averaged over these factors for presentation in Table 7,

Two surprises appear’in the "Li-Cor" CO, concentrations in Table 7.
First, the GO, concentrations were higher than the daytime concen-
trations recorded by the control system (Table 6). The 12 uf2/f increase
in the ambient levels can easily be attributed to the operator’s breath.
However, the 76 p2/? increase recorded for the enriched chambers is
perplexing. Also puzzling is the fact that the leaf factor was signif-
icant. The first leaf measured Iin each enriched chamber, which was
closest to the door, was exposed to an average CO, concentration of 753
pl/2, Progressing inward the concentrations decreased to 708 and then
to 653 pf/2, the latter being the set point for the chamber. What could
cause the difference between the data in Tables 6 and 7, and which to
believe? In prior testing of chamber performance, no such difference
was detected, but prior tests were comparatively spotty and did not
involve as many systematic measurements., In order for both data sets to
be correct, we can speculate (1) that there may have been a preferential
flow of CO,-enriched air toward the front of the chambers caused by the
forward momentum of the air leaving the perforated distribution tubes,
and (2) that the air sampling manifolds may have been preferentially
sampling toward the back of the chambers closest to the pumps. The data
in Table 7 are based on a few hundred measurements, whereas those in
Table 6 involve many thousands, so it is difficult not to believe the
Table 6 measurements from the sample/control system. Nevertheless,
these independent portable photosynthesis system measurements suggest
there may have been an average systematic underestimation of the
enriched chamber CO, concentrations of about 60 uf/f.

Annual Report of the U.S. Water Conservation Laboratory



275

B. Results
1. Leaf area, flower production, boll retention, biomass and yield

The daily flower counts, boll load and rate of boll retention were
obtained from daily tagging of the center row within the enclosures.
Tagging was performed five days each week. The boll loading for the
weekends was estimated by interpolation of the rates on the adjacent
Fridays and Mondays.

Destructive harvests of 3 plants from the outside rows were done weekly
through the season., However, to reduce the impact of so much removal of
plant material on the remaining plants, the samples were only taken from
one Rep at a time, alternating each week. Thus, Rep I was sampled cne -
week and Rep II was sampled the next for twelve weeks of the season.
Plants chosen for the intermediate harvests were taken from the outside
rows of the three rows within a chamber so as not to disturb the center
which was reserved for the final harvest row. The plants selected for
harvest were chosen because they represented the average stem diameter
for that treatment, They were removed from a different quadrant of the
chamber each week, thereby thinning the plant population in that
guadrant but not producing a gap so that the "border" effect of that row
upon the center row was preserved. :

Counts were made on the harvested plants of the numbers of squares,
flowers, bolls, and abscised sites. The plants were separated into
roots, stems, leaves, and bolls, and the dry weights of each were
determined. Leaf area was also measured and leaf area index (LAI) and
leaf area per actlve boll (LA/B) were computed,

The final harvest on 15 October 1987 was from the three meters of center
row in each chamber. Green bolls on the date of harvest were counted
and an estimate of their final weight of seed cotton was calculated. It
was assumed that these bolls would have achieved 80% of the weight of
the open bolls,

Final yield and yield components for 1987 are shown in Table 8. 1In 1987
there was a pronounced effect of N on the productivity of both the
ambient and 650 pf/f CO, (C~ and C*) treatments with an average seed
cotton yield reduction of 29% in the low N plots. In spite of marked
decrease in yield with the severe low N fertility treatment in 1987, the
response to CO, was substantial, averaging 37 and 52% for the wet and
dry treatments, respectively. Though the absolute productivity of the -
WetC'N" treatment was the greatest of all treatments, the relative
effect of CO, was greatest in the stressed treatments. That is, DryC*N~
was 52% greater than DryG N~ while DryC'N' was 43% greater than DryC™N*.
Similarly, WetC*'N™ was 37% greater than WetC'N~ while WetC*N* was only
25% greater than WetGC™N*,

The DryC' treatments averaged a 48% increase in seed cotton due to GO,
enrichment, while the WetC® treatments averaged only 31% over their
WetC™ counterparts, The seed cotton data for 1987 are plotted in
Figures 8 and 9, and the lack of CO, response for the Rep II-WetN* and
Rep II-WetN™ plots is striking (Figure 9) in comparison to the other

Annual Report of the U.S. Water Conservation Laboratory



276

reps and treatments. Referring to the blomass (dry weight)} data in ’
Table 8, the growth In the Rep II-WetN™ plot was inconsistently low. ‘
The growth in the Rep II-WetN' was comparable to Rep I, but the harvest

index for this plot was the lowest of all the plots. Focusing on the

harvest index data in Table 8, except for the Rep II-WetN plots, all of

the CO;-enriched plots had lower harvest indices than their ambient

counterparts. This result is different from prior years of this

experiment which showed no effect of CO; on cotton harvest index.

Progress of the crop as boll load, flower counts and boll retention for
the nitrogen-added (N*) treatments are shown in Figures 10, 11, and 12
and for the no-nitrogen-added (N™) treatments in Figures 13, 14, and 15.
As In previous years, the boll loading pattern in all treatments was
cyclic (Figures 10 and 13). The degree of the C0, effect was influenced
by the stage of the season. For N*' treatments, (Figure 10), there was
very little effect of Dry except for the time period 200-210. For the
N~ treatments, almost all the effects of CO; and of water were evident
by day 190 (Figure 13)., Greater flower production during days 170-190
(Figure 14) was primarily the cause of the preater boll load.

The leaf area index and leaf area per boll data are shown in Table 9.

The early boll loading in all these chambers is evident from the very

low LA/B by day 174. Cutout was evident in the nitrogen stressed (N')

treatments because the LA/B increased at day 209-223 before additional

boll setting reduced LA/B at day 230,

The accumulated seed cotton yleld data from five seasons’ CO, enrichment b
experiments in open-top chambers at Phoenix, Arizona are presented in ‘
Figures 16 and 17 and Table 10. The large response of cotton to €D, is

obvious. Referring to Figure 17, the lack of CQ, response of the Rep

II-WetN' and Rep II-WetN plots for 1987 appears even more inconsistent

here than in Figure 9. Performing a linear regression analysis on all

the data in Fipure 17, results in the equation shown with an average 64%
increase in yield at 650 uf/f of CO,. Turning to Table 10, a near-

doubling of CO, has produced an average yield increase of 56% under

well-watered and fertilized conditions. Under conditions of water

stress, the response has been larger, averaging 74%. In contrast to

some prior nutrient solution studies in the literature (Kimball, 1986),

there was a large response to €O, even under low nitrogen conditions,

averaging 53%,

2. Petiole NO; nitrogen analyses .

All of the treatments dramatically affected the petiole NO; nitrogen
concentrations, as shown in Figures 18 and 19 and Table 1ll. As expec-
ted, the added-nitrogen (N*) treatment significantly increased the NO;
concentrations, and the concentrations in the no-added-N (N™) treatment
would generally be regarded as deficient (Soil Improvement Committee,
California Fertilizer Association, 1983). Apparently the strategies of
growing a winter barley crop and of locating the plots in exactly the
same places as in 1986 were indeed effective in producing a nitrogen
stress treatment. The 650 pf/f CO, treatment had lower petiole N
concentrations than the ambient treatment, which we interpret to mean ' ‘
that the high CO, plants had a larger N requirement which depressed the
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petiole NO; -N levels., Several interactions were significant. Probably
the most important to note is that of CO, x Nitrogen (Table 11). The
depression of the petiole NO; concentrations by high CO, was large for
the N+ treatment but statistically Insignificant for the N- treatment.
The first order Iinteractions with biweeks through the season were
significant also, as can be seen by the tendency for the ambient-WetN+
and the 650-WetN+ values to increase through the season (Figure 18) and
for the ambient-DryN- values to decrease through the season (Figure 19).

3. Leaf photosynthesils, stomatal conductance, and foliage tempera-
tures

Net leaf photosynthesls and stomatal conductance were measured at midday
in all of the open-top chambers on several clear days during the 1987
growing season using a Li-Cor Portable Photosynthesis System. Over the
winter the System was upgraded from the Model 6000 used in 1986 to.a
Model 6200 which was more stable and required a shorter time for the
leaf chamber to be clamped on a leaf before a reading could be obtained.
The shorter time was generally about 10 seconds (determined by internal
software) compared to the 20 seconds last year. However, it still took
a few seconds for the CO, concentration to begin a steady decline before
the actual data logging began.

The measurements were usually taken 2 days and again 6 days following
the weekly irrigations. Therefore, those taken 2 days after irrigation
were regarded as being unstressed for water. The weather patterns and
rainfall during each week were noted and those 6-day-after-irrigation
data that were obtained during weeks when the weather was mostly clear
were selected for further analysis as representative of water stress
conditions, particularly for the dry irrigation treatment.

An infrared thermometer was carried along with the photosynthesis
system, and immediately upon entering a chamber, 10 foliage temperature
readings from both the west and east sides of the center row were taken
and recorded using a polycorder. Then net photosynthesis and stomatal
conductance were measured on three leaves in the center row of each
chamber starting near the door, Generally, the youngest, fully-expanded
leaves in full sunlight were chosen for measurement,

The net photosynthesis results are presented in Figure 20 and Table 12.
In the 2-day-after-irrigation data in the bottom of Figure 20, the CO,
treatment obviously stimulated photosynthesis. Averaging over the whole
season, the increase was a significant +45% (Table 12). But it is dif-
ficult to percelve any effect of the irrigation and nitrogen treatments,
Since the measurements were taken only 2 days after the irrigations were
applied to the field, any water stress in both the wet and dry treat-
ments should have been relieved, so it is not surprising that irrigation
had no significant effect on these photosynthesis data. In 1987, the
nitrogen stress treatment was fairly severe (Table 11) and yield was
decreased (Table 8), so some effects on photosynthesis would be expec~
ted. However, the photosynthesis of the N+ treatment was only slightly
higher than the N- treatment (Table 12), which approached but did not
achieve significance (0.063 probability level). Also, there was a
significant effect of day-of-year on the net photosynthesis, as usual,
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However, there was no gradual decline through the course of the growing 4
season, as was observed in 1986 (Kimball et al., 1986), so possibly the ‘
decline in 1986 was due to the greater Insect and virus problems

experienced that year.

Considering the 6-day-after-irrigation data in the top of Figure 20,
there is considerably more scatter. On some days there obviously was a
depression of photosynthesis with the dry treatment, but considering all
sampling days, the average decrease was only 9% (30.4 compared to 33.4
in Table 12). There was no apparent effect of the nitrogen treatment.
On the other hand, CO, enrichment continued to stimulate photosynthesis
on most of the days, averaging 54% over all the sampling days.

The stomatal conductance results are presented in Figures 21 and 22 and
Table 13. During June, a temperature sensor in the portable photosyn-
thesis system was malfunctioning, thereby making the conductance data
unreliable but having little effect on the photosynthesis data. The
instrument was repaired the last week of June, but as a result of the
problem, there are data for more sampling days presented for photosyn-
thesis than conductance. For most days the "raw" conductance values as
computed by the instrument averaged about 2 cm/s for the 2-day-after-
irrigation data (Figure 21). However, on days 218 and 232 the values
were considerably higher for no apparent reason., Lacking any physical
reason to exclude them, they were considered part of the data set,
obviously making day-of-year a significant factor.

b
i
e

Focusing first on the raw 2-day-after-irrigation data (Table 13), the
nitrogen treatment had no significant effect, so for simplification, the ‘
data in Figure 21 were averaged over nitrogen (as well as reps and

leaves). Like the photosynthesis data, there was no effect of the

irrigation treatments in these data collected only 2 days after the

irrigations were applied. CO,; enrichment, on the other hand, caused a

partial stomatal closure (20% decrease, Table 13), which was statisti-

cally significant and was about the same magnitude as in 1986 (Kimball

et al,, 1986),

In 1986 (Kimball et al., 1986) there was a distinct decrease in stomatal
conductance near the end of the season, when the summer monsoon ended

and temperatures abruptly dropped. There is only a slight hint of such

a pattern in the 1987 data (Figure 21). However, the 1987 data did not
extend as late into the fall and the 1987 monsoon lasted longer than

normal. Temperatures did not decline nearly as much at the end of the -
season in 1987 as they did in 1986 (Figure 23), so this is further

evidence that the late summer decrease in conductance in 1986 was in

fact a temperature response, as opposed to a stage-of-growth phenomenon,

Considering next the raw 6-day-after-irrigation data (Figure 22 and

Table 13), the stomatal conductances were about half of the 2-day-after-
irrigation values. As expected, the nitrogen treatment again had no

significant effect. The CO,-enrichment treatment continued to reduce
conductances by about 17%, although the difference was not quite : ‘
statistically significant (0.066). It was expected that thé conductance Ll
of the wet treatment would be higher tham the dry 6 days after irriga- .
tion, and the means indicate such was the case, but the difference was
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not statistically significant. However, the experimental design had low
resolution (few degrees of freedom, Table 10, Kimball et al,, 1986) for
the irrigation treatment.

It has often been reported that stomatal conductance decreases with
decreasing humidity of the air. In contrast to this body of data stand
numerous observations of canopy temperature with infrared thermometers,
which show progressive cooling of the crop below air temperature with
decreasing humidity, and these crop temperature data give no hint of
stomatal closure with decreasing humidity, Idso et al. (1987) attempted
to resolve the discrepancy. They postulated that the rapid alir movement
caused by the fans in the leaf chambers caused the dry air to impinge
close to the stomata, causing their rapid partial closure, whereas in
the open field, the dry air above the crop was sufficiently insulated by
higher humidity next to the plant leaves that the stomates seldom close
in response to low air humidity at the measurement level above the crop.
They recommended an adjustment procedure that utilizes infrared tempera-
ture measurements of the "free-air" crop canopy just before the leaf
chamber is clamped on a leaf for the conductance measurement. Accord-
ingly, the stomatal conductance measurements were all adjusted following
their recommended procedure. The procedure involves the calculation of
a mean stomatal conductance and a mean "IJ index" for the leaf chamber.
For the purposes of this analysis, separate means were computed for each
CO,-irrigation-nitrogen treatment combination, the averaging being done
over reps, sampling days, and leaves.

The adjusted results are also presented in Figures 21 and 22 and Table
13, The adjusted values were roughly double the raw values. Whether
the raw or the adjusted values are a truer representation of nature
awaits further testing of the procedure of Idso et al. (1987). 1In the
meantime, the statistical analyses of the adjusted data yielded results
and conclusions that were very similar to these of the raw data (Table
13).

The 1987 foliage temperature data are plotted in Figure 24, along with
data from prior years (Kimball et al., 1983, 1984, 1985, 1986). All of
these data were obtained under clear sky conditions 2 days following an
irrigation. Thus, even the plants in the *dry" plots should not have
expressed much influence of instantaneous water stress. The CO,
concentrations used for plotting the 1987 data were those measured by

the Li-Cor Portable Photosynthesis System shortly after the infrared
foliage temperatures were recorded. As discussed previously, the
concentrations measured by the Li-Cor were somewhat higher than the -
desired set point (Table 7), and the wet-N' point for 1987 is partic- )
ularly high, about 765 pgmol/mol (or ux2/£). The data for 1987 appear to

be consistent with the curve that was fitted to the 83-85 data previ-
ously, even the high wet-N* point. The main deviations from the curve

are the "dry" points for 1986, which exhibit about the same foliage
temperature increase to CO, in spite of the ambient-dry being about 1.4

C warmer than the ambient-wet, In 1987 the dry-N' data again show about
the same temperature increase with increasing CO,, but in contrast to
1986, the foliapge temperatures were cooler rather than warmer than those
in the corresponding wet plots, Thus there appears to be some lnconsis-
tency about the way the temperature of the plants in the dry plots
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adjusts following an irrigation. Nevertheless, the response of the .
foliage temperature to CO, has been quite consistent, and we have again '
confirmed that an increase in €O, concentration of about 300 u2/f will

increase the foliage temperature of non-water-stressed cotton by about

1.0 C.

4, Canopy net photosynthesis and light response curves

In the preceding section, data were presented showing that CO, enrich-
ment increased net photosynthesis of cotton leaves about 50%. Similar
data were obtained in pricr years of this project. However, all of
these measurements were taken on the youngest fully-expanded leaves,
which may not have been representative of the cotton canopy as a whole.
Therefore, an attempt was made to measure whole canopy net photosyn-
thesis in order to establish the relative magnitudes of the leaf and
canopy net photosynthesis rates.,

Measurement of canopy net photosynthesis proved to be difficult. Using
the technique of “chimney-tops¥, as was done by Drake et al. (1987), it
eventually was possible. The basic technique was to mount a pyramid-
shaped roof with a chimney on the chambers, which normally had open
tops, and then measure the change in €0, content of the air as it passed
through the chamber.

The pyramid-shaped roofs consisted of a frame of light-weight aluminum
tubing covered with transparent polyethylene film. The tubing (nominal <
diameter of 1/2 inch) was the type normally used for electrical con- '
duits. The chimney tops had a square base about 2.8 m on a side, which .
would easily fit within the 3 m square open-top chambers. The sides

went up at an angle of about 45 degrees to a smaller square that

truncated the top of the pyramid shape. The smaller square was 0.6 m on

a side, Then rising from the smaller square was a chimney which itself

was square in cross section, The final height of the chimney itself was

1.5 m. The polyethylene film (6 mil, 0,15 mm thickness) was the same

material used in walls of the chambers themselves. It was fastened to

the frame using 100-mm-wide strips of transparent tedlar tape (PT-100-G,

Flexcon Co., Albuquerque, NM). A flap of polyethylene film about 0.4 m

wide extended all around the outside of the bottom square base.

To mount the chimney-top on a chamber, two persons would 1lift the

chimney-top above thelr heads and walk it across the wall of a chamber.

Then they would lower the base of the chimney-top into the chamber just .-
slightly below the tops of the chamber posts. The chimney-top was then
suspended from the corner posts using loops of wire, The cutside flap

was flipped up over the chamber walls and then secured to the outside of

the walls using tape. Large paper clips were also used to fasten the

flap to the chamber walls. Any holes were covered with the tedlar tape.

The door to the chambers was also sealed by fastening folds of the

plastic walls with additional large paper clips.

Two such chimney-tops were constructed, and they were used as a pair. ; ,
On the evening before a measurement day was anticipated, they were Y
installed on ambient and 650 pglf/f chambers (well-watered apd nitrogen- .
added treatments) of Rep I or Rep II (Figure 1). Then on the following
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day starting at dawn, canopy and leaf photosynthesis measurements were
taken alternating each hour through the day between the two chambers
with the chimney-tops. At the end of the day, the tops were removed
from the chambers and installed on the other Rep to be ready for the
following day (or they were removed completely). The tops were never
left on any chamber for more than a day at a time in order to minimize
any effect of the slightly changed environment under the chimney-top, as
compared to an open top,

A pair of black polyethylene sampling lines (64 m long, 3.18 mm inside
dia., 6.35 mm outside dia.) were strung to each chamber being measured,
and sampling pumps were installed in the lines about 3 m from the intake
ends, The intake for one line was positioned in the duct delivering air
to the chambers, and the intake of the other was placed in the chimney
but only about 0.2 m from the chimney bottom. To damp the fluctuations
in CO; concentration, 2 glass 3.785 £ (1 gal.) jugs were installed in
series in each sampling line, as was done by Drake et al. (1987). Flow
meters were also installed in the lines, and valves were used to adjust
the flow to identical 1.0 £/min. rates. The total jug plus sampling
line volume was 8.1 liters, which gave a time constant of 8 min. Of
course, with the mixing of the sample streams in the jugs, the equi-
librium time of the outlet adjusting to a new concentration at the inlet
was several times 8 min. The sample pumps ran continuously, so that
“fresh" as possible sample air came out the ocutlet end. Therefore, as
the measurements altermated hour by hour between the ambient and
enriched chambers, there never was stagnation of the sample air in the
lines.

The change in €O, concentration of the air passing through the chambers
was measured using an ADC Model MK3 infrared CO; analyzer in differ-
ential mode, At the start of each hour, the analyzer was calibrated by
passing a 501 pl/f primary standard (Matheson Gas Products, Cucamonga,
CA) through both sample and reference sides to zero the analyzer. Then
zero GO, gas was passed through the small cell, which was designed to
provide a 5% (or 25 uf/f) differential to adjust the span. During a
run, an Omnidata Polycorder was used to continually measure the analyzer
output voltage at about 4 sec, Intervals, compute the differential CO,
concentrations, and then display the average at the end of the run.

The rate of air flow through the chambers was measured using a Taylor
propeller anemometer. The Instrument was positioned about 1/3 of the

way across the chamber in one of the perforated lateral distribution

tubes. Then a series of three measurements was taken at that positilon -
and averaged. The result was scaled up in proportion to the ratlio of

the total number of holes in the tube to the number downstream from the
anemometer and then multiplied by the cross-sectional area of the tube.

The procedure was repeated for all four laterals, and their individual

flows were added to get the total for a chamber (Table 14).

The canopy photosynthetic rates were computed using the following
equation:
P = (AC) F K/A
where P is the photosynthetic rate (umol m™? s7!)
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AC is the change in CO, concentration through the chamber
(ul/£)
F is the air flow rate (m%/s)
A is the area of the chambers (9.3 m?), and
K is a units conversion factor with temperature and

pressure corrections

K = [lumol CO5/22.4 sl CC,1[273°C/(Tp + 273°C1{87.36 kPa/101,33 kPal[10% 1 air/m?® air]
where
Tp is the measured dry bulb temperature (°C) and
97.36 kPa 1s the average barometric pressure for
Phoenix.

During the course of the canopy photosynthesis measurements, the solar
radliation conditions varied from near zero to full noon-time sunshine,
but attenuated by the chimney tops. To be able to account for the
attenuation, the average photosynthetic photon flux density (PPF) as
measured by the Li-Cor Portable Photosynthesis System from the 10 leaf
measurements (but outside the leaf chamber) within each hour was plotted
against the hourly average (roughly 60 observations per hour) PPF as
measured by the automatic data acquisition system with the pyranometer
on the outside weather mast. The pyranometer was calibrated in W/m? of
total spectrum solar energy, and to convert to PPF in umol m? s7!, the
energy flux values were multiplied by 2.3 [using a value of 4.6 to
convert from W/m? of photosynthetically active radiation to PPF in wmol
m?2 s2 from Li-Cor (1982) and assuming 0.50 for the fraction of solar
radiation that is in the 400-700 nm band from Monteith (1973)}.

The PPF values measured by the Li-Cor inside are plotted against the
corresponding readings from the outside weather mast in Figure 25.

There is considerable scatter, which 1s to be expected since the inside
values were averages of 10 instantaneous measurements near the middle of
each hour, whereas the outside wvalues are hourly averages of about 180
readings. The technicians tended to point the leaves toward the sun
which might have caused the inside PPF values to be somewhat too high
(compared to horizomtal) early in the morning and late afterncon, but
the data points at low PPF tend to be below the regression rather than
above, Therefore the slope of the linear regression line forced through
the origin (0.769) was taken as the transmittance of the chimney tops.

The transmittance of the leaf chamber was also measured. It was the 1
liter model manufactured by Li-Cor with a Lexan top. The quantum sensor
of the Li-Cor Model 6200 Portable Photosynthesis System was detached.
Then readings were taken with the sensor pointed toward the sun without
and with the leaf chamber top above the sensor, and the transmittance
was determined to be 0.81.

The canopy net photosynthesis measurements are presented in Figure 26 as
a function of photosynthetic photon flux for both the ambient and the
650 uf/2 CO, treatments. There is considerable scatter In the data,
resulting in r? values of only 0,75 and 0.51 for the quadratic regres-
sion curves from the ambient and 650 uf/2f CO, treatments, respectively
(Table 15), At a PPF of 1500 umol m™ s™!, the percentage increase due
to CO, computed from the regression equations was +51%, which was only
slightly more than the increase in midday leaf net photosynthesis

o &

s

I
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averaged over several days during the season (Table 12): Also plotted
is a net photosynthesis curve from Baker et al. (1987) which was used to
develop the photosynthesis subroutines used in the cotton growth model
GOSSYM., The curve for a temperature of 30 C and a vapor pressure
defieit of 1 kPa (and ambient CO,) was taken because these conditioms
were similar to those in the chambers at the time of the canopy photo-
synthesis measurements. The data from the study appear slightly higher
than the Baker et al. curve at the higher photon fluxes, but in general
the agreement is quite good.

The leaf net photosynthesis data obtained at the time of the canopy
measurements are plotted in Figure 27 against the PPF measured by the
Li-Cor and adjusted for leaf chamber transmittance. Each point is the
average for 10 leaves. The scatter in these data is small with r?‘s of
0.96 and 0.90 for the quadratic regression on PPF for the ambilent and
650 chambers, respectively (Table 13). The percentage increase at 1300
pmol m™? s™! due to CO, is only +27%, however, which is about half the
increase in midday leaf photosynthesis averaged over several days during
the season (Table 12).

Leaf area measurements were taken periodically through the season (Table
9), and the values from 18 and 25 August, the dates closest to the
canopy net photosynthesis measurements were used in the analysis (Table
14), The LAI’s from the two ambient chambers were 2.77 and 2.53, while
those from the 650 chambers were 2.99 and 1.93 (Table 14), which was
somewhat inconsistent, Nevertheless, the leaf net photosynthesis wvalues
were multiplied by the LAI of the chamber from which they were obtained,
and these data are presented in Figure 28. The degree of scatter was
comparable to that of the origimal leaf net photosynthesls measurements
alone (Figure 27, Table 15), but scaled upward. At a PPF of 1500 pmol
m“? s™!, the increase due to CO, was relatively smaller, about +19%.

To facilitate comparison without the clutter of all the data points, the
regression curves from Figures 26, 27, and 28 are replotted together
with the Baker et al, curve in Figure 29, The canopy net photosynthesis
curves are slightly higher than the corresponding leaf curves from about
500 to 1600 pmol m™2 s™' photon flux, and then they bend below the leaf
curves at photon fluxes below and above this band. The leaf curves do
not appear to saturate at high PPF, so it 1is somewhat surprising that
the canopy data suggest such a tendency. Considering the amount of
scatter in the canopy photosynthesis data and that the Baker et al.
curve is still increasing 1700 pmol m™? s™' photon flux, probably not
much credence should be given to this apparent saturation of canopy net -
photosynthesis at high photon flux.

The most striking feature of Figure 29, however, is that the canopy and
leaf curves really corresponded closely for the two respective CO,
levels. The "X LAI" curves in Figure 29 show what the canopy net
photosynthesis rate would have been 1f there were no shading of lower
leaves, no decline in leaf photosynthetic rates with leaf aging and
similar canopy and leaf respiration rates. Thus, the additional leaf
layers that gave LAI's from 1.93 to 2,99 (Table 14) almost exactly
compensated for mutual shading and leaf aging, and differences in
respiration, so that canopy net photosynthetic rates were about the same
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as those of the youngest, fully-expanded leaves at the top of the !
canopy. ’

Next, the two leaf light response equations for the ambient and 650 CO,
levels (Table 15) were used to adjust the leaf net photosynthesis values
upward to account for the cuvette transmittance of 0,81, First "predic-
ted" photosynthesis rates were computed using measured PPF values in the
equations, and then "adjusted-predicted”™ rates were computed using the
measured PPF values divided by 0.81. Then the difference between the
two predicted photosynthetic rates was added to the original measured
leaf photosynthesis rate (which was an average from 10 leaves) to obtain
an adjusted rate for each of the original data points.

After adjusting for cuvette transmittance, the leaf and canopy net
photosynthetic rates could be directly compared, as is done in Figure
30, There is considerable scatter, and a linear regression of canopy on
leaf net photosynthesls could account for only 49% of the variance.
However, the slope is close to 1.0, which again suggests that additional
leaf area (above a LAT of 1.0) compensated for the effects of mutual
shading and leaf aging. Thus, it appears that it is reasonable to
assume that our prior measurements of leaf photosynthesis on young
fully-expanded leaves at the top of the canopy were reasonably represen-
tative of the canoples as a whole,

5. Leaf starch content

To test the effect of irrigation cycle water stress, nitrogen fertili- )
zation and atmospheric CO, enrichment (Tables 1-7) on cotton leaf ‘
starch, leaves in the €O, chambers were sampled twice during the weekly
watering cycles. Leaf samples were taken two days following irrigation
(least weekly water stress) and six days following irrigation (greatest
weekly water stress). The same leaves were sampled at dawn and at dusk

to determine the diurnal fluctuation in leaf starch. These sampling

times correspond to the daily minimum and maxima, respectively, of

cotton leaf starch (Hendrix and Huber, 1986; Hendrix and Grange, 1988).

As in 1986 (Kimball et al., 1986), the samples consisted of six 0.28 cm?
disks that were punched along the leaf margin avoiding any large veins.

The leaves chosen for sampling were mature, fully expanded, and exposed

to full sun near the top of the canopy, The leaf punches were collected
into ice-cold 80% ethanol and quickly transferred to a -80°C freezer for
storage prior to analysis by an enzymatic technique (Hendrix and Peelen,
1987). Leaf samples were extracted by grinding in 80% ethanol and the -
residue repeatedly extracted with hot (80°C) 80% ethanol. The alcohol-
insoluble residue was next digested with amyloglucosidase (Brown and

Huber, 1988) which quantitatively converts starch in the ethanol-washed
residue to glucose. The glucose released by this treatment was deter-

mined from the absorbance change due to the conversion of NAD to NADH in

a coupled glucose~6-phosphate dehydrogenase assay (Hendrix and Peelen,

1987).

Compared to the plants grown at ambient CO, with no added nitrogen and ;
under water-stress (C-N-W-, Fig. 31), supplying adequate water (C-N-W+, L ;
Fig. 32) or nitrogen (Fig. 33) by themselves had no significant effect .
on starch accumulation patterns in open-top-chamber-grown cotton leaves.

- Annual Report of the U.S. Water Conservation Laboratory



285

However, increasing carbon dioxide alone did have a significant effect
on both the AM and PM levels of leaf starch (C+N-W-, Fig. 34 vs. Fig.
31). Although this treatment caused a dramatic increase in leaf starch
in these plants, it 1s interesting to note that the AM starch levels are
almost identical to these in the PM. This indicates that this increase
was not leading to an increased export of this carbon to the rest of the
plant (cf. the FIZZ/FACE starch discussion which follows). It appears
as if more starch was created in the leaves, but because the plants
lacked sufficient nitrogen and water to use the additional starch, it
simply accumulated in the leaves. A similar buildup in cotton starch
has been observed when they were deprived of water and phosphorus
(Ackerson, 1985). 1Increasing both water and nitrogen at ambient CO,
raised both the AM and PM starch levels in these leaves (C-N+W+, Fig.
35). The effect of increasing carbon dioxide along with either water
(C+N-W+, Fig. 36) or nitrogen (C+N+W-, Fig. 37) raised both the AM and
PM starch levels in these leaves more than the treatment in which
additional water and nitrogen were supplied, but at ambient CO, (C-N+W+,
Fig. 35). Increasing all three inputs (C+N+W+, Fig. 38) produced
diurnal and seasonal starch patterns very similar to those from elevated
CO, and water alone (C+N-W+, Fig. 36), In all of these treatments, it
is clear that cotton leaf starch is highest during periods of lowest
water stress. Also, the starch levels in these leaves exposed to
elevated CO, greatly exceeded those in the neighboring plants sampled in
the FIZZ/FACE experiment, as will be discussed later. These leaves
often had PM starch contents which exceeded 40 gm™%, but the corre-
sponding FIZZ/FACE leaves had starch values which never exceeded half
this value.

In cotton, the diurnal fluctuation in plant leaf starch (i.e., PM-AM
content) represents the amount of carbon which is either respired or
exported from the leaf to the rest of the plant during the night, a time
of the day which is important for cotton plant growth (Radin, 1983) and
flowering. Assuming that leaf respiration is comstant across the
various treatments, this starch difference would be therefore related to
the carbon exported from these leaves during the night, During daylight
hours, cotton leaf carbon export depends upon leaf sucrose content
(Huber and Hendrix, 1986; Hendrix and Grange, 1988) and daylight export
from cotton leaves is relatively constant across various environmental
treatments. Night export rates, however, can vary with environment,

The amount of starch in cotton leaves at the end of the light period is
directly proportional to the carbon exported to the plant from that leaf
during the following night up to a maximal export rate equal to the
daytime rate (Hendrix and Grange, 1988), 1If starch in cottonm leaves at .
the end of the light period is below a certain value, nighttime carbon
export ceases and growth in such plants takes place only during daylight
hours (Hendrix and Grange, 1%88). Since night export from cotton leaves
comes malnly from starch, leaves with very little starch would break it
down completely during the following night and exhibit AM starch values
approaching zero,

6. Stomatal densities

Stomatal densities and epidermal cell densities were measured on the
adaxial (upper) and abaxial (lower) sides of a single fully expanded
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leaf from three plants in each chamber using the leaf impression 4
techpnique of Sampson (1961), with the following modification. Leaf '
impressions were taken using a clear, fast drying acrylic liquid (Noxell

Corp., Hunt Valley, MD). The leaf impressions were taken near the

center of the leaf surfaces, but did not include any major veins,

Stomatal counts were made in three randomly selected light microscope

fields from each leaf. 1In one of the three fields the number of

epidermal cells was also counted, Each field consisted of 0.25 mm? at

63X wagnificarion. The leaf Impressions were collected on 22 September

1987. 1In addition, a stomatal index (SI) was calculated from the

stomatal and epidermal cell counts according to Woodward (1987), where

SI = (stomatal density) / (stomatal density + epidermal cell density) X

100. A separate analysis of varliance (ANOVA) was calculated for each of

the three response variables.

A summary of the statistical significance from the ANOVAs is shown in
Table 16 and mean responses are shown in Table 17. The CO, treatments
had no significant effect on any of the three response variables.
Nitrogen, however, did have a significant effect on the number of
stomates and epidermal cells per unit leaf area, with fewer of each
found in the high nitrogen treatment. There was a significant CO, by
nitrogen effect on both stomates and epidermal cells per unit leaf area,
with fewer stomates found in the high CO,-high nitrogen treatment.

The dry irrigation treatment significantly increased epidermal cell

density on both leaf surfaces, but did not affect stomatal density or ; J
stomatal index., The only other significant factor in the analysis was R
leaf surface, Both stomatal and epidermal cell densities were signif- ‘

icantly higher on the abaxial (lower) leaf surface. The stomatal index
was also higher on the abaxial leaf surface.

These results differ from those reported for the 1986 experiment, where
C0; had a significant effect on stomatal density of both leaf surfaces,
the dry treatment significantly increased stomatal density on the
adaxial leaf surface, and nitrogen had no effect on stomatal density.
One reason for the significant nitrogen effects in 1987 was that a
greater difference in nitrogen levels was achieved (Table 11) than in
the 1986 experiment. The reason for a lack of a significant stomatal
density (averaged over both leaf surfaces) response to CO, is not clear,
The difference in the ambient and 650 CO, treatments in 1987 was only
5.4%, compared with 10,0% in 1986. In both years, however, the trend
indicated that stomatal density was greater in the high CO, treatment. -

7. Leaf water potential, relative leaf water content, leaf dry
matter content, and specific leaf weight.

The sampling procedures for the leaf water potential were similar to
those in 1986. Briefly, two leaves per plot were sampled just before
dawn and another two at noon 2 days and 6 days after weekly irrigations
and brought into the laboratory. The weekly samplings alternated
between Rep 1 and Rep II, so the season was divided into biweekly _
intervals for statistical analysis. To take the samples, a plastic Zip- . /
loc bag was humidified with a breath of air and placed over the youngest .

fully expanded leaf, usually the fourth or fifth from the shoot apex,
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and then the petiole was severed with a ragor blade. The bag was sealed
and stored under a wet towel in a Styrofoam chest for transport to the
laboratory, where water potential measurements were made using a
pressure bomb,

At the same sampling times (usually) as the water potential leaves were
taken, four (usually) leaf disks (16.0 mm dia.) were punched from one

side of the youngest fully-expanded leaf from each of two other plants

and placed in a glass vial for tramsport to the laboratory for deter-
mination of relative leaf water content, dry matter content, and -
specific leaf weight. Predawn and noon samples were punched from

separate halves of the same leaf on a particular sampling day.

Special care was taken to minimize adsorption and desorption of water on
the walls of the vials and caps. The vials were left on a laboratory
bench {caps off) for a least 12 hours before determining a tare weight
and taking them to the field for sampling. After sampling, the vials
plus disks were weighed for determination of fresh weight, W,. Then the
disks were floated on distilled water in covered petri dishes within a
chamber at 30 C and dim light for 24 hours, while at the same time the
vials and caps were dried in a convection oven at 70 G. Then the vials
were tared again, the disks were blotted dry, and quickly weighed again
in the vials to determine saturated weight, W,. The final stage was to
dry the disks overnight in the oven followed by weighing the vial plus
dry matter, then emptying the contents and reweighing the vial to
determine dry weight, Wy. The oven-dry vial weights were compared to be
sure they were essentially the same. Relative leaf water content, RILWC
(%), was computed from: RLWC =~ 100 * (W,-W,)/(W,-W3). Dry matter
contents, DMC (%), were computed from: DMC =~ 100 * (W, /W.). Specific
leaf weights, SLW (g/m®), were computed from Wg/(n * A), where n is the
number of leaf disks (usually 8) and A is the area of each. All of the
data were statistically analyzed using an analysis of variance with
biweekly sampling intervals as repeated measure subsamples (Table 10,
Kimball et al,, 1986). Significant differences usually existed among
the data from the different sampling intervals, but the data were
averaged across them for presentation of the results in Tables 18 - 21. _

The leaf water potential results are presented in Table 18. As expec-
ted, the deficit irrigation (dry) treatment again caused the leaves to
be drier (more negative LWP), although the difference was statistically
significant only for the noon, 6-day-after~irrigation data. The effect
of the C0, treatment was opposite to that observed in past years. The
near doubling of CO; concentration tended to make the leaves wetter =~ -
(less negative LWP), but the only the noon, 6-day-after-irrigation
difference was significant. There was a tendency for the N~ leaves to
be drier than those of the N*, but again only the noon, 6-day-after-
irrigation difference was significant. For these latter data, the
drying effect on leaf water potential by the nitrogen stress treatment
(N7) was significantly greater in the dry irrigation treatment.

The relative leaf water content (RLWC) results are presented in Table
19, The effect of the dry irrigation treatment was as expected, the
leaves from the dry treatment being in fact drier, although the dif-
ferences were statistically significant only for the predawn data.
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There was a surprising lack of response to the CO, treatments, with .
really no differences at all for any of the sampling conditions. These ‘
results conflict with those from past years, which suggested that the

leaves from the high CO, treatment were drier. There was no significant

effect of the nitrogen treatment on RILWC. Considering that the LWP data

(Table 18) indicated the nitrogen stress (N") leaves were drier, there

probably was a shift in the LWP - RLWC ("PV") curve as observed previ-

ously by Radin and Parker (1979).

Thus, these 1987 LWP and RLWC data suggest that only the irrigation and
nitrogen treatments had much effect on leaf water status, the dry and N~
treatment drying the leaves, as expected. The CO, treatments had very
little impact, the latter result being somewhat surprising in view of
results from past years when the leaves from the high CO, treatment
tended to be drier,

The leaf dry matter contents (DMC) and specific leaf weights (SLW) are

presented in Tables 20 and 21, respectively. Both sets of data showed

very similar responses to the applied treatments. The nitrogen treat-

ments had essentially no effect. The dry irrigation treatment tended to

make the leaves slightly drier (Table 20) and heavier (per unit area,

Table 21), but the differences were not statistically significant. On

the other hand, the CO, treatment had a huge effect, significantly

increasing both DMC and SLW for all sampling conditions. These large

increases in leaf weight at high CO, were probably due to the higher .
accumulation of starch in the leaves at high CO,, as discussed previ- 5 J

ously (Figures 31 - 38). ‘

FIZZ/FACE EXPERTIMENT

A. Materials and Methods

1. Overall design, plot plan, and culture of the experimental crop

This experiment involved the application of CO, to cotton in an open
field, as was done previously in 1986, One method was to irrigate the
cotton with carbonated (FIZZ) water, and the second was to release
gaseous CO; from tubing at the base of the plants, a free-air €O,
enrichment (FACE) experiment. The plot plan was the same as in 1986
(Figure 39). There were four replicates each of the contreol (C), FIZZ
(2), and FACE (A) plots. The basic plot areas were 5 rows (40 inch,
1.016 m spacing) wide by 5 w long. The control and fizz plots were -
planted in 8 row strips, so there were 2 border rows on one side and 1
on the other. The tubing for the A plots was laid along a 20 m length
of 20 rows, thus forming a 7 m border as indicated by the dashed lines
in Figure 39, Weather data were again recorded on a mast installed
between the C and Z plots of Rep I.

2. FIZZ Irrigation and CO,, Water, and Nitrogen Applications

The irrigation system was the same as used in 1986 (Figure 28, Kimball { ;
et al., 1986). Briefly, a drip irrigation system was used to apply the L

water., The capacity of the city water supply limited the area that .
could be irrigated to about 800 m?., Accordingly, the field was divided
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into sections, which followed the FACE reps (Figure 39). In 1986 all
the control plots were irrigated at the same time, as a separate block,
as were the FIZZ plots also. Irrigating the control and FIZZ plots
separately made it difficult to compare the time courses of soil CQ,
concentration, Therefore, in 1987 the control and FIZZ plots were
irrigated at the same time, although the duration of the irrigation for
each was adjusted to compensate for differences in flow rate.

The irrigation and rain amounts are presented in Table 22, The first
irrigation was applied by flooding, estimated at 150 mm. The amount to
apply each week was based on pan evaporation times LAI/3 (Equation 1),
similar to the CO,-WATER-NITROGEN experiment. However, for the
FIZZ/FACE experiment, the water was applied over the 6 days of the week
when the CO,-WATER-NITROGEN experiment was not being irripgated. The
control and FIZZ plots were irrigated generally starting about 08:00 an
each day, followed sequentially by the 4 reps of the FACE plots.

CO, was injected into the irrigation water applied to FIZZ plots using a
commercial carbonator (Carboflow, Inc.), as was done during 1986
(Kimball et al., 1986). The wachine leaked badly early in the season
and was repaired by the company, but from 17 June through 7 July the
FIZZ plots received normal water. For a CO, flow rate of 34 liters/min
(STP, 1.1 g/s) and a total FIZZ plot area of 369 m?, the CO, release
rate was 3.1 mg m™2 s”!. Multiplying by the total CO, application time
of 220.1 hr (Table 22), the total amount of GO, used in the FIZZ plots
was 2.39 kg m™2,

Nitrogen fertilizer was applied to the FIZZ/FACE experiment plots by
injection into the drip irrigation system, as was done for the N* plots.
of the CO,-WATER-NITROGEN experiment. The amounts applied are presented
in Table 23. They should have been equal (on a unit area basis), but
they were not, and these nitrogen differences may have confounded the
experiment, The reason that the 4 reps of the FACE plots did not
receive the same amount per unit area was that equal amounts per Rep
were applied without accounting for the different areas, so that Rep II
with an irrigated area of 650 m? received nearly twice as much (134
kg/ha compared to B85) on a per unit area basis than Rep IV with an
irrigated area of 1195 m®. The reason the FIZZ and Control plots did
not receive the same amount was that the FIZZ carbonator increased the
operating pressure and water flow rate to the FIZZ plots compared to the
controls. The lengths of the irrigations were adjusted so that the FIZZ
and control plots received the same amounts of irrigation water.
However, because the nitrogen was injected for about a half hour period
during one of the irrigations each week, the differing water flow rates
to the FIZZ and control plots must have caused relatively more nitrogen
to be applied to the FIZZ plots than to the controls. These application
differences were realized too late in the season to do much effective
compensation, so we have to conclude that the nitrogen fertilizer
application amounts did differ among the plots, and that they may have
affected the results. The fact that the control plots only received 88
kg/ha 1s particularly troublesome, because any positive responses to CO,
in the FIZZ or FACE plots can not now be attributed with confidence to
the CO, treatment, rather it could be a nitrogen fertilizer response.
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3. FACE system design and CO, use

The free-alr CO; enrichment {(FACE) experiment was performed the same as
in 1986 (Kimball et al., 1986), except that length of time per day that
the €0, was released was reduced from 11 hours to 4 hours centered
approximately on solar noon (10:30 - 14:30 MST), The CO, was again
released through drip irrigation tubing laid along the rows at the base
of the plants. The tubing was identical to but in addition to that used
for irrigation. The emitters were spaced 0.3048 m apart and rated at 1
liter of water per hour. For this application they emitted about 0.1
liter/min of CO, (at & kPa).

e COf was released at a rate of 120 liters/min per FACE plot or 10 mg
m? s for the 4 hours per day starting on 19 June and continuing 94
days until 21 September. Thus, the total amount of FACE CO, released
was 13.5 kg/m?, which is about 1/3 that used in 1986 but still about 6
times that used by the FIZZ plots,

4. Atmospheric €0, concentrations

Alr sanpling manifolds were mounted in every plot at 75% of plant
height, as done previously (Kimball et al., 1986). Additional manifolds
were mounted in Rep IV at the 25 and 50% plant heights and at 1.8 above
the soil surface. The heights of the manifolds were adjusted weekly as
the crop grew {except those at 1.8 m), Pumps were installed at the base
of the manifolds in the fileld and continuously pumped sample alr to the
instrument cabin where a computer-controlled sampling system sequen-
tially selected the air from the various field cites and directed it
through an infrared CO, analyzer for analysis. Every 30 seconds the
system cycled from one station to the next ceontinually from the time of
the start of the FACE experiment (19 June) until its end (21 September}.

The CO, concentrations of the air in the various plots of the FIZZ/FACE
experiment are presented in Tables 24 - 26 and Figures 40 - 44, The
mean CQ, concentrations at the 75% plant height are presented in Table
24, The mean daytime CO, concentration in the control pleots was 342
while that of the FIZZ plots was essentially the same at 346 and that of
the FACE plots was 377, Looking at the 09:00 to 10:00 data and remem-
bering that the FIZZ irrigations started usually at 08:00 (6 days per
week), there was a slight enrichment of the atmosphere by the FIZZ water
from 347 to 360 uf/f, Similarly remembering that the FACE releases
started at 10:30, the 12:00-13:00 data show a midday ‘enrichment in the
FACE plots to 449 uf/f, which is somewhat lower than for the same midday
period in 1986. The diurnal course of the CO, concentrations for the
75% plant height Iin Rep I is illustrated im Figure 40,

Independent measurements of the €O, concentrations were obtained with a
Li-Cor 6200 Portable Photosynthesis System on 9 days during the season
during the course of taking leaf photosynthesis measurements. The means
of these data are presented in Table 25, and they indicate that the
level of enrichment near midday in the FACE plots was about 391 uf/2.
This is lower than the 449 p2/f discussed above that was measured by the
automatic sampling system. However, the photosynthesis measurements
were taken on leaves exposed to the direct sun at the top of the canopy,

H
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where the concentration would be expected to less than at 75% plant
height, so these data appear reasonably consistent. One curious thing
about the data in Table 25, however, is that the CO, concentrations for
the first leaf were about 28 pf/f higher than the second and 19 pt/f
higher than the third. We have no explamation as to why this should be
in a open field. Thus some of the change in C0, concentration going
from leaf 1 to 3 in the open-top chambers (Table 7) may be some artifact
of the photosynthesis measurements, rather than a design problem with
the CO, distribution system in the open-top chambers.

The mean CO, concentrations at the various heights for Rep IV are
presented in Table 26. At 1.8 m there was an increase of 14 uf/f in the
FACE plot compared to the control plot from 12:00 to 13:00. Otherwise
there was little difference among plots or sample averaging times zt the
1.8 m height. Close to the base of the canopy at the 25% height,
however, the concentration was 569 uf/f (228 pl/f above the contrel) at
midday. Earlier in the morning from 09:00 to 10:00 the concentrations
at the 25% plant height in the FIZZ plot reached 394 uf/f which was 43
pL/£ above the control.

The diurnal course of the CO, concentrations at the various heights in
Rep IV is shown in Figures 41, 42, and 43 for the control, FIZZ, and
FACE plots, respectively. 1Im Figure 41 for the control plot, the curves
for the various heights fall almost on top of each other, except at
night when the concentrations at the 1.8 m height were about 40 ptf/f
lower than those within the plant canopy. In Figure 42 for the FIZZ
plot, there was some increase in concentration within the crop canopy
starting after 08:00, but it declined to the 1,8 m concentration by
15:00. There appeared to be higher atmospheric C0O; concentrations iIn
the FIZZ plots when fertilizer was being injected into the carbonated
water, suggesting that perhaps the fertilizer was decreasing the CO,
solubility., Figure 43 for the FACE plot illustrates that at midday
during the hours of CO, release, there was a marked enrichment of the
atmosphere within the crop canopy, but not much effect at 1.8 m. Figure
43 looks different than the corresponding figure from 1986 (Figure 36,
Kimball et al., 1986) because the early morning release in 1986 under
relatively calm conditions resulted in concentrations of over 1400 ul/f
at the 25% height. At midday the concentrations for 1987 were only
about 20 utf/2 lower in 1987 than 1986.

Vertical profiles of CO; concentration are shown in Figure 44 for hours
ending about 10:00 and 12:00. At 10:00 the FACE release had not
started, but the FIZZ irrigation was underway, and the slight increase -
in CO; in the atmosphere of the FIZZ plots is apparent. At 12:00 the
FACE release was underway, but the FIZZ irrigations had usually stopped.
The large increase of C0, in the atmosphere in the FACE plots is readily
apparent, while concentrations in the FIZZ plots had begun to decrease
toward those in the ambient control plot. Extrapolating up to the top
of the canopy from the 50 and 75% heights, the concentration at the top
of the canopy probably was about 400 upf£/f, which closely agrees with the
mean 391 pf/2 recorded during photosynthesis measurements (Table 25), as
discussed previously.
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B. Results ‘

1. Leaf Area, Flower Production, Boll Retention, Biomass, and Yield

Daily flower counts, boll load, and rate of boll retention were obtained
from tagging of white blooms five days each week throughout the season.
Blooms were tagged on five meters of row in each replication, Boll
loading for the weekend was calculated from interpolation of the data on
the adjacent Friday and Monday.

Intermediate harvests consisting of three plants each week were per-
formed. The plants chosen for harvest were from a row which did not
border the final-harvest row. They were removed each week from within a
particular meter of row, proceeding systematically down the row to the
next meter for the next week and so on. Counts were made on the
harvested plants of the numbers of squares, flowers, bolls, and abscised
sites. The plants were separated into stems, leaves, and bolls, and the
dry weight of each were determined. Leaf area was also measured and
leaf area index (LAI) and leaf area per active boll (LA/B) were com-
puted,

Final harvest data was obtalned from all the plants in the five meters

which were tagged for boll load., Plots were harvested from 29 September

to 10 October 1987. Green bolls at the time of harvest were given a

final estimated weight for inclusion in the totals for each plot. The

final weight of these bolls was assumed to be BO% of the average weight _ ;
of open bolls for the plot. The data shown are averages of four ‘
replications.

The final yields of the FIZZ/FACE experiment plots are presented in
Table 27, There was a substantial effect of the FIZZ and FACE treat-
ments resulting in seed cotton increases of 21 and 22%, respectively.
The yield increase of 22% for the FACE is about the same as in 1986,
which is especially interesting considering that the additional CO,; was
supplied for 11 hours per day in 1986 and only 4 hours per day in 1987,
Using a figure of 450 uf/f for the midday CO, concentration (Table 24),
a yileld increase of 22% is exactly what one would predict from the
regression line in Figure 17 based on all the open-top chamber experi-
ments.,

However, the question raised about differing nitrogen fertilizer
applications among the various plots (Table 23) needs to be addressed, .
Therefore, the final biomass and seed cotton yields (Table 27) were
plotted against the amount of applied nitrogen for the FACE plots
(Figure 45), There appears to be no positive effect of the varying
nitrogen on either yield or bilomass among the individual FACE plots.
Moreover, the range in nitrogen application among the FACE plots spans
the contreol and FIZZ rates, Therefore, assuming no large interactions
between €O, and nitrogen, we have some assurance that at these levels of
nitrogen applications, the differences among them were not significant,
and our efforts have not been in vain.

The boll loading, flower production rates, and boll retention through .
the season are shown in Figures 46, 47, and 48, Examination of the boll
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loading of both the FACE and FIZZ treatments (Figure 46) shows that the
time period day 190 to 210 was the time of divergence of the treatments.
These dates also coincide with the divergence observed in the open-
topped chambers. It may be that by confining the release to this
portion of the season, the volume of CO; released could be reduced
substantially without greatly influencing the yield enhancement effect,
The additionmal boll load of the FACE and FIZZ treatments was achieved by
both greater numbers of flowers (Figure 47) and by higher boll retention
during the period day 190 to 210 (Figure 48),

The leaf area index and leaf area per boll through the season are
presented in Table 28, The carbonated water (FIZZ) treatment had
greater leaf area during early boll setting and throughout the season.
The effect of FACE treatment was to increase leaf area slightly and
reduce the 1A/B somewhat. This would indicate that the higher photosyn-
thetic rate of the leaves was effective in inducing a greater boll
carrying capacity of the canopy.

2. Elemental analysis

An elemental analysis was performed on leaf blades sampled on 23 July
(DOY 204) from Rep 11 by a commercial laboratory, and the results are
presented in Table 29. The nitrogen, N, values suggest that only the
FIZZ plots had adequate nitrogen, yet Rep II of the FACE plots received
just as much fertilizer nitrogen {(per unit area) as did the FIZZ plots
(Table 23). The only other element which appeared to be deficient was
zine, Zn, which was low in all treatments, but more so in the FACE plot,
No visual zinc deficiency symptoms were observed, so whether adding zinc
to the soll or plants in the field would really promote better growth is
a question that needs to be addressed with another experiment.

3. Photosynthesis and Stomatal Conductance

Net photosynthesls and stomatal conductance measurements were taken in
the FIZZ/FACE experiment using a Li-Gor 6200 Portable Fhotosynthesis
System, The procedure was similar to that already described for the
CO, -WATER-NITROGEN experiment in that the measurements were taken near
midday on 3 leaves per plot choosing the youngest fully-expanded leaves
for measurement. The measurements were taken weekly under clear sky,
usually on Wednesday depending on sky conditiouns.

The net photosynthesis results are presented in Figure 49 and Table 3Q.
Unlike 1986, there was no apparent decline in photosynthetic rates .
through the course of the season. The mean rate of 30.4 pmol m™ s™! in

the FACE plots was a significant (0.05) 15% higher than those in the

control (26.5 pmol m? s"'3} and FIZZ plots, which were no different.

The stomatal comnductance results are presented in Figure 50 and Table

30. As already mentioned, a temperature sensor in the instrument

invalidated the June conductance data, so there were fewer conductance

than photosynthesis data. For most days the "raw" conductance values

‘ computed by the instrument averaged about 2 cm/s, but on some days they

‘ were considerably higher for no apparent reason, so day-of-year was a
significant factor in the analysis. However, the CO, treatment had no
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significant effect on these "raw" conductance values, which averaged 2.9 | F
cn/s for the season, ‘

These "raw" stomatal conductance values were also "adjusted" for the
leaf chamber effect as recommended by Idso et al. (1987) and as
described previously for the CO,-WATER-NITROGEN experiment. The
adjustment had the effect of increasing the mean values from about 3 to
about 8 cm/s. Considerably more scatter and instability were also
Introduced inte these data (Flgure 50), Even though the mean adjusted
conductance of the FACE plot was higher and that of the FIZZ was lower
than that of the controls, (Table 30), these differences were not
significant. It remalns to be seen whether the 3 or the 8 cm/s 1s the
more accurate value; In the latter event 1t would be desirable to have a
more stable adjustment procedure.

4, Leaf starch content

Leaves were sampled from the FIZZ/FACE plots and analyzed for starch
content using sampling and analysis procedures described previously for
the CO,/WATER/NITROGEN experiment, except that sampling was done only
once per week on these daily irrigated plots.

Free alr CO; enrichment (FACE) appeared to have a stimulatory effect on
cotton leaf starch, particularly at the end of the growing season (Figs.
51, 52). 1It had a very pronounced effect upon the number of active
bells (i.,e., the number of bolls £ 40 days old) and upon the number of )
flowers (Figs. 51, 52). Fizz water irrigation (Fig. 53) did not appear e
to have a significant effect upon leaf starch content but it did .
increase the peak number of flowers and the number of active bolls, The
difference between the AM (daily minimum) and PM (daily maximum) leaf

starch content was relatively constant for all three treatments

(Controls, FACE and FIZZ) during the first half of the growing season.

Both AM and PM leaf starch content values decreased with time during

this period but in such a way that their difference was relatively

constant. At Julian date 210, however, the difference between the AM

and PM starch content collapsed. This occurred by a rise in the Al

starch content as well as a decrease in the PM content, This cessation

in diurnal starch content fluctuation occurred after the peak in the

number of active bolls carried by the plants. Further, simultaneous
sampling in the open-top chambers (CO,/WATER/NITROGEN experiment

described previously), where cutout did not occur, showed that this

diurnal starch fluctuation collapse only occurred in plets where cutout -
occurred, In all three FIZZ/FACE treatments, this diurnal starch
fluctuation cutout lasted for twenty days and disappeared when flowering
resumed,

We proposed earlier (Hendrix and Grange, 1988) that diurnal starch

change is related to the amount of carbon exported from cotton leaves

during the night. Laboratory experiments showed that if the PM leaf

starch content 1s > 3 g.m™%, nocturnal leaf carbon export will continue

at rates comparable to those observed during daylight hours and for PFM ;
starch contents less than this value, the nocturnal carbon export of i
cotton leaves was directly proportional to the leaf PM starch content. .
These laboratory data suggest that PM leaf starch content 1s the driving
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force for nocturnal leaf carbon export. It is difficult to imagine,
therefore, how leaf starch content could be driving nocturnal leaf
carbon export during this 20 day starch cutout. Perhaps a shift occurs
during this period to carbon export from some other pool, such as stem
or root starch. Another interesting aspect of this collapse is that it
occurs when the number of active bolls per meter is decreasing., During
the 20 day starch cutout, cotton plants may not be storing or calling
upon starch reserves in their leaves, but may be calling upon other
pools within the plant. This carbohydrate pool shift depends upon
cutout but is apparently unaffected by CO,.

MODELING OF PLANT GROWTH

The bulk of the 1987 plant growth modeling effort consisted of preparing
the Phoenix open-top chamber and open-field data sets (Kimball et al.,
1983, 1984, 1985, 1986) on cotton for the years 1983-1987 into the
proper format for comparison with predictions of growth using the cotton
growth model called GOSSYM (Baker et al., 1983). This exercise also
included editing the data to remove known bad values and to f£ill some
gaps from the record using comparable data from other USWCL experiments,
from the National Weather Service, or from Arizona State University.

Many comparisons were made between GOSSYM (September 19846 version)
predictions and open-field, ambient-CO, data with poor agreement. The
left side of Figure 54 illustrates the lack of agreement for one data
set from Rep I, 1983, Upon notice of this, Mississippi State personnel
furnished an updated July 1987 version of GOSS5YM, which was able to
simulate the growth in the ambient CO, plots much:-bectter than the
previous version, as illustrated on the right side of Figure 54 for the
Rep I, 1983 data,

Cnce respectable agreement between predictions and observations was
obtained for open-field, ambient-CO, conditions, the photosynthesis
equation in July 1987 GOSSYM was manipulated to incorporate the effects
of elevated CO,, The relative increase in net photosynthesis due to CO,
as reported by 12 sources was plotted, and a linear equation was fitted
by eye to the data (Figure 55). The equation predicts a 50% increase in
net photosynthesis for a 300 ppm increase in CO, concentration from 350
to 650 ppm. Of course, the equation should not be used much above 650
ppm. GO, concentration was then made an input variable to GOSSYM, and
the "relative” equation in Figure 55 was attached as a multiplier to the
"absolute” photosynthesis equation in GOSSYM. Considering the degree of
scatter in Figure 55, initial comparisons between predictions and data -
from the CO,-enriched open-top chambers showed surprisingly good
agreement, as illustrated by Figure 56 for the Rep I, 1983 data.

BEET ARMYWORM GROWTH AND DEVEIQPMENT ON CO,-ENRICHED COTTON

The enhanced carbohydrate under CO, enrichment decreases nitrogen :
carbon ratios in some plant tissues (Oechel & Strain 1985). This tends
to decrease the nutritive quality of those tissues, Such CO, related
changes may alter the damage done by herbivorous insects.
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To date, published studies of insect development on CO,-enriched plants .
have been conducted on two leaf-feeding caterpillars: the soybean ‘
looper, Eseudoplusia includens (Walker), on soybeans and the cabbage

looper, Trichoplusia ni (Hubner), on lima beans (Lincoln et al. 1986,

Osbrink et al, 1987)., In general, these studies showed that these leaf-

feeding caterpillars did not do as well on CO,-enriched plants as they

did on the ambient-CO,-control plants, Since similar developmental data

have not been gathered on leaf-feeding caterplllars on cotton, a study

was Initlated on the growth, developmental time, and survival of the

beet armyworm (BAW), Spodoptera exligua (Hubner) reared on C0, -enriched

cotton.

A, Materials and Methods

Deltapine 61 cotton seedlings were grown in two greenhouses (30°C day,
247C night). One greenhouse was maintained at a GO, level of 650 ppm
and the other at an ambient CO, level of 325 ppm. Hoagland solution was
used to fertilize the seedlings after the first 2 true leaves appeared.
Two fertilizer levels were used: low, a 75-ml treatment applied once;
and high, 75-ml treatments applied every other day.

The tests were conducted in 4 incubators held at 30°C with an 1B:6

light:dark photopericd. Alr was piped from the CO;-enriched greenhouse

to 2 of the incubators and from the ambient greenhouse to the other 2

Incubators. Eight seedlings were kept in each incubator. One - 3

newborn BAW larvae were placed on each cotton seedling (at first 2 true ! ;
leaves). Containment was accomplished using clear plastic cages (with —a
some mesh-covered ventilation holes) that enclosed each seedling from ‘
the stem upward. Seedlings were replaced as needed as the growing

larvae defoliated them. BAW were collected when mature larvae entered

the “"wandering" (prepupal) stage or pupated. Pupae were weighed and

sexed. Data were summarized and analyzed by analysis of varlance to

determine BAW growth, developmental time, and survival.

B. Results

BAW reared on CO,-enriched cotton seedlings weighed significantly less
(87.8 mg) than controls (96.8 mg) (Table 31). The growth of female BAW
reared on C0;-enriched seedlings on the high fertilizer level was most
affected (87.3 mg versus 101.0 for controls, Table 32), A developmental
time of 14.6 days was a significant 2-day increase for BAW reared on
CO,-enriched seedlings compared to the control group (Table 33). As .
with growth, the development of female BAW reared on CO,-enriched
seedlings on the high fertilizer level was most affected (14,2 versus
12.4 days, Table 34). The significant difference between the survival
rate of 19.1% for BAW reared on CO,-enriched seedlings on the high
fertilizer level compared to the 41,6% survival rate of the controls was
striking (Table 33); more females survived than males by a significant
2:1 ratio (Table 36).

The results presented here support the concept that the foliage of CO,- : .
enriched plants does not meet the needs of insect herbivores as well as N4
foliage from plants grown at present ambient levels of CO,. The signif- .
icant decrease in survival should be Investigated at more temperatures
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to determine relationships between €O, enrichment, survival, and
temperature., If further work confirms that survival is significantly
affected across a range of temperatures, then survival, as a CO,-
dependent parameter, can certainly be expected to alter the population
dynamics of BAW. Also, the dominant effect of fertilizer levels on BAW
development in the present work demonstrates the importance of this
parameter to future work, Additional studies will be needed to assess
the overall effect of CO;-enriched plants on insect populations.

SUMMARY AND CONCLUSTONS

The €O, concentration of the atmosphere is increasing and is expected to
double sometime during the next century. To determine what effects this
CO, increase is likely to have on the productivity, water relations, and
physiological processes of field-grown cotton (as well as few other
species), the USDA-ARS U. 5. Water Conservation Laboratory and the
Western Cotton Research Laboratory conducted €O, enrichment experiments
on field-grown cotton and other plants during 1987, and this report
presents the results of those experiments,

In the largest experiment, called the CO,/WATER/NITROGEN experiment, the
effects of the three-way interaction between CO, concentration, water
availability, and nitrogen fertility on the growth of cotton were
investigated. This was the second year of a planned 2-year experiment
initiated in 1986. Using open-top chambers, CO, concentrations of
ambient (340 uf/2) and 640 uf/f were maintained. There was a well-
watered treatment (wet) and a water stress treatment (dry) that received
2/3 as much water. Half the plots received 230 kg/ha of nitrogen in the
irrigation water (N¥+), while the others received no added fertilizer
nitrogen (N-)., The N- treatment was severe in 1987 because (1) the
experiment plots were placed on the same land as 1986, and (2) a winter
crop of barley was grown on the land between the 1986 and 1987, which
was cut while still green and removed. Significant findings from this
experiment included the fellowing:

1. The N- treatment significantly lowered petiole nitrate levels and
reduced seed cotton (lint + seed) ylelds an average 29%. However, even
at the low N fertility level, CO, enrichment substantially lincreased
yields, averaging 52 and 37% for the dry and wet treatments, respec-
tively.

2. The response to the near-doubling of CO, concentration was greater
under water-stress conditions, consistent with most prior observations. .
Hith added nitrogen, €0, enrichment increased yields 43% in the dry
treatment compared to 25% in the wet. At low N the fipures were 52 and
37%, as noted above. The average 25% Increase with €O, enrichment under
high N, well-watered conditions is lower than observed in these experi-
ments before, a result ef inconsistent growth in 2 plots.

3. There was a decrease in harvest index with €O, enrichment in 1387,
a change which did not occur in prior experiments.

4, Greater flower production rather than a higher retention of bolls
was the yield component that contributed most to the greater produc-
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tivity at high CO,. The boll loading pattern was cyclic in all treat- ' ;
ments, and the degree of CO, effect was influenced by the stage of the '
season.

5. Aggregating all the cotton yleld data from similar CQ,-enrichment
experiments from 1983.1987, a near-doubling of CO, concentration from
350 to 650 pf/f increased cotton yields an overall average 64%., With
adequate N, the yield increase has averaged 56 and 74% under well-
watered and water-stress conditions, respectively. At low N, the
increases have averaged 54 and 52% under the wet and dry conditioms,
respectively.

6. CO, enrichment increased leaf net photosynthesis by 45% when
sampled 2 days after irrigations, and by 54% when sampled 6 days after
irrigations. Neither the nitrogen nor the irrigation treatments
significantly affected net photosynthesis.

7. CO, enrichment decreased stomatal conductance by 20% when sampled
2 days after irrigations, and by 17% when sampled & days after irriga-
tions. The nitrogen treatments had no significant effect on stomatal
conductance, nor did the irrigation treatments when sampled 2 days
afterward., When sampled 6 days after irrigation, mean conductance was
33% lower for the dry treatment, as expected, but the difference was not
statistically significant. When a recently recommended adjustment to
correct for rapid stomatal closure during the measurements was applied,
the conductance values were roughly doubled, but it had no effect on the
relative differences among treatments.

8, The foliage temperature of non-water-stressed cotton was agaln
shown to increase about 1.0 C with an increase in CO, concentration from
350 to 650 uf/f.

9. Cotton canopy net photosynthesis was increased 51% by CO; enrich-
ment on 4 September days In the wet-N+ plots, as measured using
"chimney-tops” mounted over the normally open-top chambers. The
additional leaf layers that gave leaf area indices from 1.93 - 2,99
apparently compensated for the effects of mutual shading, leaf aging,
and any difference in respiration, because the canopy net photosynthetic
rates were close to the rates of individual young fully-expanded leaves
at the top of the canopies, for the respective CQO,; levels.

16. Starch content of the leaves was significantly increased by CO, .
enrichment, However, when both water and nitrogen were low, dawn and
dusk starch contents were close to the same, suggesting that under these
stress conditions, the extra carbohydrate was not being transported out
of the leaves to the rest of the plant. The starch contents also were
higher under well-watered conditions at both low and high CO, and N.

11, Stomatal densities were increased significantly by the low
nitrogen treatment, whereas water-stress increased epidermal cell
density. CO, enrichment increased the mean stomatal density by +6%, a
difference which was not statistically significant but which was N
consistent with the trend in 1986 when a +10% increase was observed, .
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12, Neither leaf water potentials nor relative leaf water contents
were much affected by CO, enrichment, but as expected, the dry irri-
gation and N~ treatments resulted in drier leaves, The lack of a
response to CO; 1s inconsistent with the results of 1986, when the CO;
enriched leaves tended to be drier.

13, Leaf dry matter contents and specific leaf welghts were little
affected by the nitrogen or irrigation treatments, but CO, enrichment
increased both significantly. i

Another experiment, called the FIZZ/FACE experiment, was repeated for
the second time 1In 1987 where the effects of CO, on cotton growing in an
open field (no chambers} was observed, The CO, was applied using two
methods - (1) irrigating with carbonated water (FIZZ) and (2) relsasing
CO, at the soll surface, a free-alr CO, enrichment (FAGE) experiment,
The entire field was irrigated 6 days a week with the same ample amount
of water from drip irrigation tubing, the water for the FIZZ treatment
being supersaturated with CO, from a commercial carbonator first, The
CO, to the FACE plots was distributed through a second set of drip
irrigation tubing at a release rate of 10 mg ;™2 s™' from 10:30 - 14:30
daily, which resulted in an average midday CO, concentration at 75% of
plant height of 449 uf/2, Enrichment for four hours per day was a
departure from the methods of 1986 when the CO, was released 11 hours
per day. Both treatments started near the end of June when the canopy
was near full development and continued until harvest near the end of
September, Control plots recelved normal irrigation and no free-air
CO;. There were 4 replications. Significant findings from the
FIZZ/FACE experiment included the following:

1. Seed cotton yields were increased 21 and 22% by the FIZZ and FACE
treatments, respectively. The former value is higher than 1986, while
the latter is the same as 1986 (in spite of 7 hours per day less enrich-
ment) .

2. Net leaf photosynthesis was significantly increased 15% at midday
by the FACE treatment, but there was no detectable effect of the FIZZ
treatment. Neither treatment affected stomatal conductance.

3. Starch content of the leaves was increased by the FACE treatment
in early July and near the end of the season, but there was no effect of
the FIZZ treatment,

In a third experiment, the impact of elevated-COD,-grown host cotton -
plants on the growth, development and survival of beet armyworms (BAW)
{Spodoptera exigua (Hubner)] was investigated, Cotton seedlings were
grown in two greenhouses at high and low levels of fertilizer in
nutrient solution. One greenhouse was enriched to 650 puf/Z of CO, while
the other was at ambient which averaged 325 p2/2. As the experiment
progressed, seedlings were removed from the greenmhouses and placed in
lighted incubators which received the same CQO, treatments as the
greenhouses. Newborn BAW larvae were placed on the seedlings and
allowed to eat and grow to maturity, Pupae were weighed and sexed.
Significant findings include the following:
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1. BAW reared on GO,-enriched cotton seedlings weighed significantly | 4
less than the controls, with females at the high fertilizer level being '
most affected.

2. Development time of the BAW reared on the CO,-enriched cotton was
increased significantly, with females at the high fertilizer level being
most affected.

3. The survival rate of BAW raised on the CO,-enriched cotton was
about half that of the controls.

Thus, it appears that CO,-enriched cotton is of lower nutritive value to
the beet armyworms, which implies they will have a more difficult time
surviving in a future high-C0; world,
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Table 1. Izrigation and rain amounts for the CO,-WATER-NITROGEN 1937

experiment.
DAY IRRIG {I)
DATE of or WET, PLOTS DRY_PLOTS
YEAR RAIN (R) K+ N~ H+ H-
o e e T M~ = = = - . . o
16-Apr 106 I 144.0 89.0 136.9 115.0
23.Apr 113 I 18.4 11.8 17.3 14.6
30-Apc 120 R 0.3 Q.3 0.3 0.3
30-Apr 120 I 21.5 13.8 19,5 17.0
05-Hay 125 I 15.6 10.0 16.1 12.6
DB -Hay 128 I 43,9 28.1 40,7 36.2
11-Hay 111 R 1.5 1.5 1.5 1.5
15-May 135 R 0.3 0.3 0.3 0.3
26-Hay 146 I- 8.0 B.3 6.6 6.1
02-Jun 153 I 11.7 13.3 7.6 9.9
06-Jun 157 R 1.8 1.8 1.8 1.8
09-Jun 160 I 36.6 34,7 21.9 20.4
/ 16-Jun 167 1 44,3 70.1 34.9 45,7
‘ 18-Jun 169 1 40.0
- 19-Jun 170 I 79.1
23-Jun 174 I 42,0 73.6 27.3 .9
30-Jun 181 I 60.2 2 38.1 18.1
07-Jul 188 I 50.3 67.6 39.3 37.6
14-Jul 195 I 78.5 6B.6 s0.5 51.9
21-Jul 202 I 62.1 69,3 46,7 40,1
27-Jul 208 R 11.9 11.9 11.9 11.9
28-Jul 209 R 1.3 1.3 1.3 1.3
28.Jul 209 I 59,4 57.1 al.4 35,9
0l-Aug 213 R 18.0 18.0 18.0 18.0 B
04-Aug 216 I 41.1 44,8 20,1 21.8
05-Aug 217 R 12,7 12.7 12.7 12.7
11-Aug 223 I 45,4 41,5 48,6 231.2
L1-aug 223 R 7.9 7.9 7.9 7.9
18-Aug 230 I 72.5 68.0 32,1 47.6
23-aug 235 R 1.6 l.6 1,6 3.6
24-Aug 236 R 3.0 3.0 3.0 3.0
25+Aug 231 1 47.5 4.8 10.1 21.5
25-4ug 237 R 21.1 21.1 21.1 2l.1° )
0l-5ep 264 1 65.7 6l.8 55.4 43.9
08-Sep 251 I 83.0 B1.5 46.2 49.8
15-Sep 258 I 61.0 38.6 41.4 44,3
22-5ep 265 I 58.5 59.9 35,7 37.5
23-5ep 266 R 9.7 9.7 9.7 9.7
14-5ep 267 R 6.9 6.9 6.9 6.9
J0-Sep 273 i £9.2 65.4 40 1 39 a
TOTALS 1459.5 1275.8 966.7 927.4
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Table 2.

Insecticide treatments applied during the 1987 CO,/WATER-
/NITROGEN experiment. Rates were those recommended by label.

Date

Insecticide

12
27
21
11
17
12
13
14
15
19
22

12
15
24
28

13

May
Hay
June
July
July
August
August
August
August
August
August
Sept.
Sept.
Sept.
Sept.
Sept.
Sept.
Sept.
Oct.
Qct.
QOct.
Oct,

Malathion

"
]
n

"

Pydrin

Pydrin in open-top CO, chambers
Pydrin

Pydrin in FIZZ/FACE field release
Malathion & Pydrin

Malathion
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Table 3. Totral wacer use during the 1987 CO0,-WATER-NITROGEN experiment as determined by
the total amount of water applied through the drip irrigaclon system and
adjusted for changes In sof{l weoisture storage measured with neutron apparatus.

Ttem

WET PLOTS:
16 Apr, sell water contentc

9 Oct, soll water content
Soll water comtent change

Irrigacion + rain
Vater use
average water use
relative water use
DRY PLOTS:
16 Apr., sell water content

2 Qcc. so0ll water concent
Soil water content change

Irrigacion + rain
Water usa
AVEeTage Wakter use

telactive water use

TREATHENT
Yo _Added N  Added M

Rep T Rep JI Rep I PBRep TT Rep T Rep IT Rep I Rep 1I

454 193 505 213 459 235 440 126
422 135 456 217 382 240 408 199
+32 +8 49 “&  +17 -5 32 -3

1277 1277 1277 1277 1460 1460 1460 1460

1309 1285 1326 1273 1537 1455 1492 1457

1297 1300 1496 1475
1.000 1.002 1.000 0.9486
69 306 345 262 398 25 385 301
263 221 3l 218 267 19 263 194
+106 473 429 +44 #4131 +63 4122 +107
927 927 927 927 967 967  9s7 967
1033 1000 956 971 1098 1030 1089 1074 .
1017 964 1064 1081
1.000 0.948 1.000 1.016
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Table &.

Witrogen applicatlons to the N* plots of
the CO,-WATER-NITROGEN 1987 experlment,
At first the fertillzer source was urea,
and then it was uran-32 starting on 14

July.
Day Nitrogen
of Form

Date Year HHI NO5

kg N/ha

2 Jan 153 6.56 -

9 Jun 160 6.56 -
16 Jun 167 6.56 -
23 Jun 174 13.12 -
30 Jun 181 13.12 -

7 Jul 188 13.12 -
14 Jul 195 14 .46 4.62
21 Jul 202 14 .46 4,62
28 Jul 209 14 .46 4,62

4 Aup 216 14.46 4.62
11 Aug 223 1l4.46 &.62
18 aug 230 28.92 9.24
25 Aug 237 14.45 4,62

1 Sep 244 14 .46 h,62

Totals 189.17 41.59

Total both forms 230,

76

", 7;
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Table 5. Witrate nitrogen and total nitrogen contents of the soil in the plots of the 1987 C0,~WATER-HITROGEN
experiment sampled at the start of the season {before! and agaln at the end (after}.” To convert to units
of kg/ha, bulk densities of 1.45, 1,50, and 1.48 mg/m’ were used for the 0-15, 15-30, and 30-60 cm depth

increments.
Noy - N Total - N
Plot Pepth Before After Before After Pecrease Refore After Pafore After Decrease
en mg/kg e g/ Ko em : kg/ha
Apbient, dry, ¥°, Rep I
303 D=15 8.6 5.0 18,7 1D.9 7.8 2.6 2.0 5700 4400 1300
15-30 6.1 4.8 13.3 10.8 2.5 1.1 0.8 2900 1804 1100
10«60 - .4 1.4 7.5 6,2 4.3 g.8 0.5 1600 2200 1300
Totals 39.5 27.9 1l4.6 12200 8400 3700
Ambient, dry, N°, Rep II
IID] 0«15 5.4 1.1 11.7 8.9 2.8 2.1 1.9 4600 4100 4100
15-3¢ J.8 5.0 8.4 11.3 -2.9 1.3 1.4 2900 3200 ~200
3080 2.9 2.3 6.3 10.2 =1.9 0.7 0.8 3100 3600 -A00
Totals 26.4 0.4 -3.0 106040 10900 ~200
Amhlient, dry, N*, Rep I
ID4 015 5.2 1.1 11.3 4.9 2.4 2.3 2.2 5000 4800 200
15-30 5.6 6.1 12.2 11.7 -1.5 1.1 1.8 2500 4100 ~1690
Jo-60 5.4 J.8 11.7 16.9 4.3 0.6 o.8 10200 12500 ~300
Totals 5.2 39.5 -4.1] 10200 12500 ~2300
Ambient, dry, N°, Rep II
IID2 0-15 2.7 4.1 5.9 8.9 -3.0 2.3 2.6 5000 5700 ~-7040
15-30 2.9 4.8 6.3 10.8 -4,.5 1,1 0.8 2500 1800 700
Jo-60 2.0 2.5 4.5 11,1 -6.6 0.6 0.6 2704 2104 1]
Total 6.7 30.8 ~14.1 10200 10200 0

s 1

L0E
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Table 5. Hitrate nitrogen and total nitrogen contents of the soil in the plots of the 1987 €0,~WATER-HITROGEN
experiment sampled at the start of the season (before} and agaln at the end {after}. To convert to units

of kg/ha, bulk densitles of 1.45, 1.50, and 1,48 ng/m were used for the 0-15, 15-130, and 30-60 cm depth
increments. (continued) )

NO{ - " Total ~ H
Plat Pepth Befare After Refore hfter Pecrease Before After efore After Decrease
em mmmmeng/kg kg/ha — - 4/kg -—==kg/ha

Amblent, wet, N, Rep X
IH2 0-15 2.7 3.2 5.9 5.9 «l.l 1.7 1.9 1760 4100 -400
15«30 4.1 2.0 8.8 4.5 4.3 1.5 1.7 3400 3800 «500
jo-60 3.2 2.2 1.0 10.2 ~1,2 0.7 0.4 J1og 3400 ~400
Totals 21,7 21.7 D 10200 11500 «1300

Ambient, wet, W, Rep IX
IIH4 0-~15 1.1 1.6 2.5 3.5 ~1.0 1.7 1.9 3700 4100 =400
15~30 1.4 0.9 2.9 2.0 0.9 1.4 1.4 J2o0 Jzo0 0
30-60 1.8 2.5 1.8 11.1 =7.3 0.8 0.8 3600 600 0
Tatals -2 16.6 -7.4 10500 10500 -400

Ambient, wet, N', Rep I
IH3 0-15 2.7 J.6 5.9 7.8 ~1,9 1.7 1.8 J700 3900 =200
15-310 3.2 2.0 7.0 4.5 2.5 1.4 1.6 J2go Jeoa ~500
J0-60 1.8 2.5 3.8 1.1 6.1 0.6 a.8 2100 3600 =900
Totals 16.7 23.4 -6.7 9600 11100 . =1600

Ambient, wet, N, Rep II
IIH] 0-~15 1.4 2.0 3.8 4.4 -0.,6 1.7 2.0 3700 - 4400 ~700
15-30 1.8 0.9 i.8 2.0 1.8 1.4 1.6 3200 Je0o -500
10-60 2.3 1.8 5.0 B.0 »3.0 0.7 0.8 3100 31600 =400
Totals 12.8 14.4 ~1.8B lo000 11600 ~-1600
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Table 5. MNitrate nitrogen and total nitrogen contents of the sall in the plots of the 1987 coO ~HATER-HITROGEH
experiment sampled at the start of the season {hefore! and again at the end {(after). To convert to units

of kg/ha, bulk densities of 1.45, 1.50, and 1.48 mg/m’ were used for the 0-15, 15-30, and 30-60 cm depth
increments. {continped)

NOy - N Total - N
Plot Pepth Before After Before Aftey pecrease Before After Befare hAfter Decrease
cn ng/kg kg/ha g/kg - o s s o kg/hqﬁ__,hwwy_uﬁ
650, dry, N°, Rep I
Ipl1 0-15 1.8 1.4 l.8 1.0 " 0.8 1.8 2.2 jaao 4800 ~900
15-30 1.4 2.3 7.5 5.2 2.3 0.9 1.5 2000 3400 -1400
30-60 3.2 1.8 6.8 8.0 ~1,2 0.3 0.9 1iaa 4000 -2700
Totals 18.1 16.2 1.9 7200 . 12200 ~5000
650, dry, ¥, Rep II
IID3 0-15 2.1 1.4 5.0 7.4 “2ed 1.8 2,2 3s00 4800 ~300
15~30 2.7 3.4 5.9 7.7 -1.8 0.8 1.8 1800 4loa =-2300
30~60 2.9 2.0 6.1 a.% =2.6 0.3 0.9 1300 4000 ~2700
Totals 17.2 24.0 ~6.8 . 7000 12500 -5900
650, dry, N', Rep I
Ip2 0~15 7.9 3.2 17,2 7.0 10.2 2.8 2.1 6100 4600 1500
15-30 6.1 7.0 13.1 5.8 7.3 1.4 0.9 2300 2000 200
jo-&0 2.7 2.0 5.5 8.9 ~3.0 0.5 0.7 2200 3100 -~900
Totals 36.2 21,7 14.5 10600 9700 goo
650, dry, ¥°, Rep II
11D4 0-15 4.1 4.8 8.8 10.4 ~1.6 2.0 2.1 4404 4600 -200
15~30 4.3 j.6 5.1 ° 8.1 1.2 1.6 1.4 o 3600~ 31200 500 w
30~60 3.2 1.8 _6.8 8.0 -1.2 0.7 0.9 3100 4000 ~900 )
Tatals 24.9 26.5 ~1,6 11100 11800 ~600 0
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Table 5. Nitrate nitrogen and total nitrogen contents of the soil in the plots of the 1987 CO,~WATER~HITROGEH
experiment sampled at the start of the season {before) and again at the end (after)}. To convert to qnits
of kgs/ha, bulk densities of 1.45, 1.5, and 1.48 mg/m’ were uzed for the 0~15, 15-30, and 30-60 cm depth
increments. (continuedj :

Koy - N Total - N
Plot Pepth Before After Before After Decrease Before After Pafore After pPecrease
cm mg/kg kg/ha g/kg kg/ha—— —————————
650, wet, M, Rep I
IH4 a-15 1.4 2,3 2.9 5.0 -2.1 1.7 1.9 3700 41040 ~-400
15~130 2.0 1.8 4.5 4.1 0.4 1.4 1.6 3200 3600 ~500
10-60 2.0 2.7 4,5 12.0 ~7.5 0.6 a.7 2700 3100 -400
Totals 11.9 21.1 - «5.2 9600 10800 ~1300
650, wet, N°, Rep II
IIWl 0-15 1.8 2.5 l.8 5.4 ~l.6 1.7 2.0 3700 4400 =700
15-~30 1.8 1.4 3.8 3.2 0.6 1.4 1.7 3200 31800 ~700
Jo-~60 1.4 2.0 2.9 8.9 ~5.0 0.7 0.8 3100 3600 -4 00
Totals 10.5 17.5 -7.0 10000 11800 ~1800
650, wet, H', Rep I
IN] 0«15 2.0 2.5 4.5 5.4 -~0.59 1.8 2.1 3900 4600 -700Q .
15-10 0.9 1.1 2.0 2.5 ~0.5 1.3 1.5 2500 3400 -500
10«60 1.4 l.8 2,9 a.0 =5.1 0,5 0.8 2200 3500 ~1300
Tatals 9.4 15.9 ~6.5 gooaQ 11600 ~2500
650, wet, H", Rep II
11IH2 0-15 2.5 3.2 5.4 7.0 ~1.6 1.6 1.8, 3500 3900 ~400
15=30 1.8 1.4 3.8 J.2 0,6 1.4 1.5 1200 3400 «-200
30-60 1.1 2.3 2.5 10.2 =1.7 0.5 0.6 2200 2790 -—300
Totals 12.7 20.4 -8.7 BS00 10000 -~1000
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Table 6. Daytime, nighttime, and whole day meaun chamber CO, concentra-
tions and the corresponding standard deviations of the
individual cobservations for the entire season of the 1987 CO,-
WATER-NITROGEN experiment,

TREATMENT
Ambient 650
Rep Irrigatiom N W+ N- N+
Daytime: 0 = = s e = - e s e e .- pf 27 . oo oL .
I wet 344428 343440 627475 641+102
II wet - 340440 641476 627484
1 dry 346%40 33gks0 627471 641+69
II dry 345438 353143 622175 614169
Average over reps, irrigation, and nitrogen:
144140 , 630179

Nightrime:

I wet 38252 383+52 647172 6731101
II wet - 383458 649176 652137
I dry 386157 374151 644167 653168
I1 dry 383457 399166 642+82 648486

Average over reps, irrigatiom, and nitrogen:
3B5%57 651+B83

Whole (24 hr) day:

I wet 361%49 361150 636475 656+103 -
II vet - 360154 645176 639491
I dry 365453 155448 635470 647169
I1 dry 362451 374159 63179 630£79

Average of reps, irrigation, and nitrogen!
363152 639182
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Table 7. Mean chamber CO; concentrations and the standard errors of the
means, as measured with a LI-.COR 6200 Portable Photosynthesis
System near midday on 20 days during the growing season of the
1987 CO,-WATER-NITROGEN experiment. The means are averages
over Teps, irrigation, nitrogen and day-of-year, of which only
the latter was a significant factor. The leaf number is the
sequence number showing the order in whiech the measurements
were taken, 1 being closest to the door.

Leaf CO., TREATMENT

No, Ambient 650 +SEM n
------ T e

1 358 753 5 160

2 ' 356 708 5 160

3 354 653 _5 160

Means over leaves 356 706 15 480
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Tabie 8. Final harvest date from open-topped enclotures uwith COyzenrichment (C+) to 850 ppm or amblent {C-} £0y5 and 231 kg/ha mitrogen ndded (N*) or na scditionst
nitrogen during the year (K-3. Data wre sversges of 33 harvested on October 15, 1987 (day Z08) for ach of the tko replbeations.
Carbon Diaxide B50ppe (C+} Anbient (£~}
trrigation VET oY VEY pdy
Fertiliey Ne N W N Nt M He M-
Leplication 1 i i ik i u 1 n L u L i} i . 1 I
Plante/ed ® 18 13 15 3 1% 15 i 15 15 "% 13 15 1 15 5
Plant WE. (e} 8 57 11 81 L3 57 &9 & &3 57 7 47 &2 51 st 47
tottund n 122 13 s 151 144 114 10z i ™ 88 T 73 n n
Tot.Jop u.u.twan 1004 819 it 502 820 no 621 536 648 590 w2 &2 525 113} I 303
Eoot Dey W, (asa%) {Wo nata Cotlecred)
dve.tep DY (5750} 910 b2 ™ saz 829 432 %83 1))
Rel. co, Effect .88 .42 159 1.7 1.00 1.00 1.00 1.00
Lint ut, tamds! T IR’ T I TR RE NS M2 wa 157 M1 102 2 7 T &
teed vz, fosed) ar e 208 79 W6 W9 185 142 FFI SRt BT} 151 ®e W 8
Average tp/aty us it 188 154 201 133 133 104
Rei. 00, Effect 122 1.29 $.41 1.48 1.00 1.00 1.60 1.t0
X tint @ @ 40 I e ¥ 20 4 &t 39 it 40 I 40 & 40
Seed Cortoatginty? 59 k02 39 M6 443 432 M9 e st 3m z#s M M5 W 2
Aversge tg/nly ' 496 "y £ 29 198 261 307 212
kel. €0, Effect 1,25 1.37 1.4 .9 1.00 1.00 1,00 1.00
Seed Indca £g/100) 0.0 1.4 9.9 9.2 0.5 W7 a7 97 94 WD 7% 90§95 w0 03
3

Marvest fndex F3) &9 35 43 54 &a 34 38 b2 &5 40 40 40 &8 &2 48

L hot inctude weight of green, unopened boils st time of harvest.
2 includes estimated seed cotton weight for green bolle at time of harvest.
3 Setd cotton weight/top dry sweighy X 300,

£TE
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Table 9. Leaf area index (LAI) and leaf area per boll (LAI/B) on
various sampling days during 1987 in the CO,-Water-Nitrogen

experiment,
Day 650 pl/f GO, Ambient CO,
of N+ N« N+ N«
Year LAT TA7B TAT TA/B TAT TA7E TAT TA/B
cm? /boll em? /boll en? /ball cm? /boll
For the wet plats:
156 0.3 - 0.3 - 0.4 - 0.4 -
160 0.5 ; 0.3 - 0.3 . 0.4 o
167 0.8 1400 0.8 390 0.4 . 0.5 220
174 1.0 540 1.1 260 1.4 250 0.8 230
181 1.3 330 0.7 200 1.1 390 1.0 320
188 1.0 290 1.0 240 2.3 250 1.1 160
195 1.4 230 0.9 240 1.3 225 0.8 210
202 2.2 155 0.6 160 1.6 240 1.0 310 ,
209 1.8 170 1.0 310 1.5 110 0.7 780 )
216 1.8 240 1.0 580 2.1 1430 1.3 840 .
223 4,2 210 2.7 240 4.3 375 2.2 570
230 1.7 305 2.6 430 2.3 - 1.7 -
237 2.7 155 2.4 230 2.5 400 1.1 255
For the dry plots:
156 0.3 - 0.5 - 0.5 - 0.3 .
160 0.5 . 0.4 - 0.3 - 0.5 -
167 0.5 . 0.7 1400 0.5 270 1.0 1725
174 0.8 220 1.2 310 0.6 205 0.5 410
181 0.5 290 1.3 270 0.4 315 0.5 385
188 0.7 160 0.7 235 0.7 215 0.8 250
195 1.1 220 0.8 440 1.2 195 1.1 305
202 2.5 220 0.6 270 1.1 300 0.8 210
209 2.0 160 0.7 590 1.2 375 1.0 220
216 1.5 250 1.6 760 1.0 480 1.0 385
223 2.5 265 1.3 740 1.9 410 1.8 530
230 2.0 270 2.0 410 1.7 275 1.2 960 Sy
237 1.4 210 1.4 130 - - 0.9 140 .
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Table 10, Percentage increase in seed cotton yield due to a near-
doubling of €O, under well-watered (wet) and water-stressed
(dry) treatments and under low (no added N) and more normal
(added nitrogen) levels of nitrogen fertilizer for 5 years of
experiments with open-topped chambers at Pheenix, AZ,

ADDED NITROGEN NO_ADDED NITROGEHN

Year Het Dry Het Dry
g3 -6; o ‘-- B : T --- o
84 94 77 - -
85 52 104 - -
Be 48 70 70 51
87 25 43 37 52
Ave, 56 74 54 52
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Table 11.

Mean petiole NO;  nitrogen concentrations for the 1987 CO,-
WATER-NITROGEN Experiment.

Means not followed by the same

letter are significantly different at the 0.05 level as
determined by least significant difference following F test.
The first order interactions with biweeks were also

significant,

Irrigation X GO,

X Nitrogen Interaction

dry wet
Ambient 650 Ambient 650
- -+ - + - + - +
N N N N N N N N
------------- - ME/E -« - <+ v = = e - e e - - - -
1.69¢c 3.04b 0.68d 2.09c 0.72d  4.13a 0.65d _1.76¢c
C0, X Nitrogen
Ambient 650
— + — -+
N N N y
------ mg/g - - - - - - -
1.21be 3.59a 0.66¢c 1.92b
Irripation X Nitrogen
dry wet
— + — +
y N N N
~~~~~~ mg/g - - - - - - -
1.18b 2,403 0,690 3.11a
Irrigation X CO4
dry wvet
Amb, 650 Amb ., 630
~~~~~ . = WE/g -~ = e -
2.37a___1.22b 2,433 1.37b
Main Effects
Irrigation Co, Nitrogen
o +
dry vet Amb. 650 N N
L s e e e s MESE s v - v e e e m e e e e -
1.79a 1,%0a 2.40a 1.29h 0.94b 2 76a
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Table 12. Mean net leaf photosynthesis for the main irrigation, CO,,
and nitrogen fertilizer effects for the 1987 CD,-WATER-
NITROGEN experiment. The means are averages over 2 reps,
days, 3 leaves, and the other treatments, thus making the
number of observations per mean equal to 24 times the number
of sampling days. Means not followed by the same letter are
significantly different at the 0.05 probability level from
our analysis of variance F test considering the sampling
days to be repeated measure sub-samples. The numbers in
parentheses are the percentage change due to CO, enrichment.
For the 2-day-after-irrigation data, the nitrogen treatment
approached significance (0.063). Also, the interactions of
sampling days with irrigation, and with CO, were
significant., For the 6-day-after-irrigation data, the
irrigation treatment approached significance (0.088). Also,
the interactions of sampling days with irrigation, with
irrigation by CO,, with nitrogen, with nitrogen by
irrigation, and with €0, by nitrogen were significant.

TREATMENT
Days
Since No. Irrigation €D, NITROGEN
— +
Irrig. Obs. Dry Vet Amb . 650 N N
- - - - - - - - pmol m? st - ... ...
2 216 39.,2a 38.0a 31.5a 45.7b 37.7a 39.5a
(45%) :
& 158 30.4a 33.4a 25.1a 38.7b 32.4a 31.5a
(54%)
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Table 13. Mean stomatal conductances for the main irrigation, CO,, and
nitrogen fertilizer effects for the 1987 CO,-WATER-NITROGEN
experiment. The means are averages over 2 reps, days, 3
leaves, and the other treatments, thus making the number of
obsérvations per mean equal to 24 times the number of
sampling days. Heans not followed by the same letter are
significantly different at the 0.05 probability level from
our analysis of variance F test considering the sampling
days to repeated measure sub-samples (Table 10 of Kimball et
al,, 1986). The numbers in parentheses are the percentage

For the raw 6-days-after-

irrigation data, the €O, treatment appreoached significance

{0.066) and the interaction of irrigation with day of year

was significant, For the adjusted 6-days-after-irrigation

data, the interactioms of both irrigation and nitrogen with

change due to CO; enrichment.

day of year were significant.

TREATHENT
Days
Since No. Irrigacion GO, NITROGEN
— +
Trrig. Obs, Dry Wet  Amb, 630 N N
TR cm/s .- - - - -
Raw:
2 216 3.51a 3.51la 3.8%9a 3.13b 3.54a 3.48a
(-20)
6 168 1.26a 1.8%9a 1.72a 1.43a 1.70a 1.45a
(-17)
Adjusted following Idso et al. (1987):
2 216 7.38a 9.05a 9.65a 6.78b 8.32a 8.10a
(-30)
6 168 2.69a 4.,51a 3.95a 3.25b 3.%a 3.27a
(-18)
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Table 14. List of measurement days and open-top chamber and cotton
canopy characteristics used in the computation of canopy net

photosynthesis,
CHAMBER
Ttem I3 1143 IVl I1W2

Co, Ambient Ambient 650 650
Irrigation wet wet wet wet
Nitrogen Nt N* N* N*
Rep I II I II
Measurement Dates

3 Sep 87 X X

9 Sep 87 X X

10 Sep 87 X X

11 Sep 87 X X
Flow Rates (m?®/s) 1.34 1.21 .81 1.15
Leaf Area Index’ 2.77 2.53 2.99 1.93

* Sampled on 25 August 1988 for IW3 and IWl and on 18 August 1988 for
ITW3 and IIW2, ’
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Table 15, Characteristics of thae rogression squations relatlng cotbon not photosynthesls, P

{umol m~

2 371), to photosynthetic photon flux, I (pmol m™2 3”1y {n Figures 26 - 29.
The equations are quadratic of the form P = by + I + bzlz.

PHOTOSYNTHETTC SURFACE

Canaopy. Leaf Leaf x LAT
Item Amb. 650 Amh, 650 Amb, 650
Ho. of 24 22 24 23 24 23
cbservations
o, -9.4 -18.2 -1.3 0.3 -3.8 0.7
by 0.0483 D.0832 Q.0275 D,0361 0.00728 D.0734
bz ~1,5BE~5 ~2,B9E~5 -4 ,89E~B -7 ,88E-6 -1,3BE-5 ~9,85E~6
2 0.75 0.51 0.96 0.30 0.57 .81
SE of P estimate 7.2 17.6 2.0 1.6 4,8 12.2
SE of by 0.0117 0.038 0.0036 0,0087 0,0085 0.029
SE of b, 5.BDE~6 2,15E-5 Z.59E-6 5.95E~6 6.05E-6 2.00E-5
P@ 1500
pmol m 2571 27.5 41.6 28.9 16.7 74,4 88,5

+51 +27 +19

Z increase from Cﬂz
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Table 16. Effect of soil moisture (H,0), carbon diexide (C0,), and
Nitrogen (Nit) on stomatal density, epidermal cell density,
and stomatal index of upper and lower leaf surfaces of
cotton.

Probability of Greater F Value
Epidermal
Stomatal Cell Stomatal

Source d.f, Density Density Index

H,0 1 .63 .03 %% .18

Leaf Surface 1 .01 #% .01 *+ .01 *%

co, 1 .22 .10 .23

Nit 1 .04 ** .09 * .18

C0, X Nit 1 LQL *% .04 *% .13

€0, X Surface 1 .77 .69 .25

€0, X H,0 1 .93 .14 L4l

H,0 X Nit 1 .26 .73 .39

H,0 X Surface 1 .79 .78 .31

Nit X Surface 1 .56 .59 .37

Erraor 13

cv 12 9 12

*, % Sipnificant at 0.10 and 0.05 level of probability, respectively.
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Table 17, Mean effects of CO; level, irrigation level, and nitrogen
fertilizer level on stomatal density, epidermal cell
density, and stomatal index of cotton, Data collected on 22
September 1987. The numbers in parentheses are the
percentage change due to CO,.

—_—

Irrigatien Co, Nitrogen
Leaf
Surface Dry Wet Amb 640 N- N+

-- Stomatal Density (stomates per mm%) «-
Adaxial 136 132 132 140 144 128
Abaxial 268 260 256 272 276 252
(+6%)

«- Epidermal Cell Denmsity (epidermal cells per mm?) --

Adaxial 908 828 832 904 .888 848
Ahaxial 1120 1056 1064 1108 1124 1048
(+6%)
~- Stomatal Index -- : :
-« (stomates/(stomates + epidermal cells)) x 100 -- .
Adaxial 13.2 13.8 13.5 13.4 13.9 13.1
Abaxial 15.2 23.5 19.4 15.2 23.4 19.3
(-1%}
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Table 1B, HMean cotton leaf water potentials (LWP) for the main irriga-
tion, €O, and nitrogen fertilizer effects for the 1987 CO,-
WATER-NITROGEN experiment. The means are averages over 2 reps,
2 leaves per rep, biweeks, and the other treatments, thus
making the number of observations per mean equal to 16 times
the number of biweekly sampling periods. IMeans not followed by
the same letter are significantly different at the 0.05
probability level from an analysis of variance F test consid-
ering the biweekly intervals to be repeated measure subsamples.
For the nocon, 6-days-after-irrigation data the irrigation x
nitrogen interaction showed significantly greater effect of the
nitrogen in the dry treatment than in the wet.

TREATMENT
IRRIGATION CcQ., NITROGEN
DAYS
SINCE SAMPLING NO. . .
IRRIG, TIME ORS . DRY __WET AMB 650 N M
e S
2 Predawn 128 -1.36a -1.28a -1.30a -1.33a -1.33a -1,30a
2 Noon 112 -1.8%9a -1,76a -1.85a -1.79a -1.83a -1.82a
6 Predawn 112 -1l.46a -1.31la -1.37a ~l.4la -l.4la -1,37a
6 Noon 112 -2.12a -1.85b -2.02a -1.95b -2.05a -1,92b
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Table 19. HMean relative leaf water contents (RLWGC) of cotton for the main
irrigarion, CO,, and nitrogen fertilizer effects for the 1987
€O, -WATER-NITROGEN experiment. The means are averages over 2
reps, biweeks, and the other treatments, thus making the number
of gbservations per mean equal to 8 times the number of biweek
sampling perioeds, Means not followed by the same letter are
significantly different at che 0.05 probability level from an
analysis of variance F test considering the biweekly sampling
intervals to be repeated measure subsamples.

TREATMENT
IRRIGATION COZ NTTROGGEN
DAYS
SINGCE SAMPLING NO. i +
IRRIG. TIME ORS. DRY _WET AMB. 650 N 5
.- = e o w e m e F e om om e m m e e om o= -
2 Predawm 64 77.9a 82.5b 80.0a 80.4a B80.la 80.3a
2 Noon 48 79.3a 80.4a B80.0a 79.8a 81.1a  78.6a
(3] Predawn 64 77.7a 82.8b 80.4a 80.1la 81.3a 79.3a
6 Noon 48 74.9a 79.5a 77.l1a 77.2a 77.7a 76.7a
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Table 20. Mean cotton leaf dry matter contents (DMC) for the main irriga-
tion, CO,, and nitrogen fertilizer effects for the 1987 CO,-
WATER-NITROGEN experiment. The means are averages over 2 reps,
biweeks, and the other treatments, thus making the number of
obsgrvations per mean equal to 8 times the number of biweek
sampling periods. Means not followed by the same letter are
significantly different at the 0.05 probability level from an
analysis of variance F test considering the biweekly intervals
to be repeated measure subsamples.

TREATMENT
IRRIGATION CQ, NITROGEN

DAYS

SINCE SAMPLING NO. i +

IRRIG. TIME OBS. DRY WET AMB . 650 N N

-
2 Predawn 56 23,72 23.3a 21.8a 25.1b 23.5a 23.4a
2 Noon 56 24.0a 24.4a 23.1a 25.3b 23.8a 24 .6a
6 Predawn 56 23.2a 22 .4a 21.2a 24.4b 22.6a 23.1a
6 Noon 48 24.3a 23.6a 22.3a 25.7b 23.6a 24 4a
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Table 21. Mean cotton specific leaf weights (SLW) for the main irriga-
tion, CO;, and nitrogen fertilizer effects for the 1987 CO,-
WATER-NITROGEN experiment, The means are averages over 2 reps,
biweeks, and the other treatments, thus making the number of
observations per mean equal to 8 times the number of biweek
sampling perieds, Means not followed by the same letter are
significantly different at the 0.05 probability level from an
analysis of variance F test considering the biweekly intervals
to be repeated measure subsamples. For the noon, 2-days-after-
irrigation data and the predawn, 6-days-afcter-irripation data
the irrigation x €O, interaction showed significantly greater
effect of the CO; in the wet plots than in the dry plocs.

TREATHENT
TRRIGATION co, NITROGEN
DAYS
SINCE  SAMPLING NO. ) .
IRRIG. TIME OBS. DRY  WET AMB. 650 N N
-2
ﬂﬂﬂﬂﬂﬂ - - - - gm - - - - - - - - - -
2 Predawn 64 67.1a 61.2a 55.7a 72.6b 64 .3a 64 .,0a
2 Noon 48 65.6a 61.4a 57.3a 69.7b 63.4a 63.6a
6 Predawn 64 64.5a 58.9a Sh.la 69.3b 60.6a 62.8a ‘
6 Noon 64 64.1a 60.3a 53.7a 70.7b 61.5a  63.0a
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Table 22, Irrigatlen and Raln amounts for the 1987 FIZZ-FACE expariment. Also included are thae hours
of flzz-water (COZJ applications,

DAY IRRIG, (I)  —~w-wesmaoo. - —————— TREATMENT ¢~ s ot m v o
DATE of ar FACE FIZZ

YEAR RAIN (R} CONTROL  REP 1 REP 2 REF 3 REP & H,0 Cd,

tm hrs

J0-APR 120 R a.3 0.3 0.3 a.1 0.3 0.3
06-May 126 1= 150.0 150.0 150.0 150.9 150.0 150.0
11-May 131 R 1.5 1.5 1.5 1.5 1.5 1.5
15-May 135 R 0.3 0.2 8.2 9.3 0.3 0.3
29-May 149 I 3.9 6.8 8.5 7.1 6.7 8.4 2.78
04-Jun 155 I 4.6 7.7 7.4 1.5 7.3 4.3 3.58
g5-Jun 156 I 7.2 7.7 7.4 7.4 7.2 4.3 3,58
06~Jun 157 R 1.8 1.8 1.8 1.8 1.8 1.8
11-Jun 162 I 7.0 6.4 7.6 6.9 6.9 27.6 a.as
12-Jun 163 1 7.0 6.4 7.6 5.9 6.2 27.5 8.85
13-Jun 164 I. 7.0 b.4 7.6 6.9 6.9
14=Jun 165 I 7.0 6,4 7.7 7.0 7.0
15~Jun 166 1 6.9 6.5 7.7 7.0 7.0
17-Jun 168 1 a.5 7.2 G.h 5.9 7.5 8.1Y
18~Jun 169 I a.5 7.2 6.4 5,8 1.5 a1y
19-Jun 170 1 8.5 7.2 6.4 5.9 7.5 8.1y
20~Jun 171 1 8.5 7.2 6.4 5.9 7.5 8.17
21-Jun 172 I 8.5 7.2 6.3 6.0 7.6 8.1r
22-Jun 173 1 8.7 7.0 6.3 6.0 7.5 7.97
24-Jun 175 1 7.3 3.0 8.5 9.7 8.2 5.4Y
25~Jun 176 I 7.3 g.0 8.5 9,7 a.2 5.4Y
26-Jun 177 1 7.2 9,0 8.5 9.7 8.2 5.4
27-Jun 178 I 7.3 9.0 8.5 9.7 8.2 5,47
28-Jun 179 I 7.3 8.0 8.5 9.7 8.1 5.0Y
29-Jun 180 I 7.0 9.1 8.6 8.6 2.1 5.3Y
01-Jul 182 I 8.4 8.4 9.3 9.0 B.7 8.3¥
02-Jul 183 I 8.4 8.4 9.3 9.0 8.7 8,3y
03-Jul  1B% I 8.4 8.4 g,3 9.0 8.7 8.3¥
g4~Jul 185 1 8.4 B4 9.3 8,9 a.7 a2y
D5-Jul 186 I B.4& 8.4 9.4 8.9 8.8 8,2y
06-Jul 137 I 8.6 8.4 9.4 8.9 8.8 a2y
08~Jul 189 I 14,0 14,2 14,3 14.5 14.9 15.% L.29
09-Jul 190 I 14.0 14,2 14,2 14.5 14,9 15.5 4,28
10-Jul 191 1 14.0 14,2 14,3 14.5 14.9 15.5 4,29
11-Jul 182 I 14.0 14,1 14,3 14.5 14,9 15.5 4,29
12-Jul 193 I 14.0 14.1 14.3 14,8 14.9 15.5 h,29 _
13-Jul  19% I 13.9 14,1 14,12 14,4 15.0 15.5 4, 29
15-Jul 198 I 16,5 15.6 14,0 15.1 14,2 15.3 4,16
16-Jul 197 I 16.5 15.6 14.0 15.1 14.2 15,3 ., .16
17-Jul 198 I 16.5 15.6 14.0 15.1 14,2 15.3 4. 16
18~Jul 199 1 16.5 15.6 14.0 15.1 14,2 15.2 4,16
19-Jul 200 I 15.5 15.6 14,0 15.2 14.2 15.3 4,18
20-Jul 201 b 16.12 15.8 14,0 15.2 14,2 15.5 4,18
22-Jul 203 1 11.6 12.5 123.1 1a.2 13.0 12,9 3.33
23-Jul 204 I 11,6 12.5 13.1 10.2 13.0 12.9 1.13
24-3ul 205 1 11.6 12.5 13.1 10.2 13.0 12,9 3,33 .
25-Jul 206 1 11.5 12,5 13.1 10.2 13,0 12.9 1.33
26-Jul 207 I 11.6 12,5 13,2 10,2 13,0 12,9 3,33
27-Jul 208 I 11.7 12.5 13.2 10.1 12.9 12.8 3.33
27-Jul 208 R 11.3 11.9 11.9 11.9 11.9 11,9
28-Jul 209 R 1.3 1.3 1.3 1.3 1.3 1.3
29-Jul 210 I 15.0 14.8 15,9 16.6 15.0 14,9 4,00
30-Jul 211 T 15.0 14.8 15.9 16.6 15.0 14,9 4,00
al-Jel 212 I 15.0 14.8 15.9 16.6 15.0 14.9 4,00
O01-Aug 213 R 18.0 15.0 18.0 18.0 18.0 18,0
01-Aug 212 I 15.0 14.8 15.9 16.6 15.0 14.9 4,01
02-Aug 214 I 15.0 14.9 15.9 16.6 15.0 14.9 4,01
03-aug 215 I 15.1 4.9 16.0 16.7 15.1 14.9 4.01
D5~Aug 217 R 12.7 12.7 12.7 12.7 12.7 12.7
06-Aug 218 I 11.5 11.3 9.5 12.0 11,0 9.3 2,43
07-pvg 219 I 1.5 11.3 9.5 12.0 11.0 9.3 2,43
08-Aug 220 I 11.5 11.3 9,5 12.0 11.0 9.3 2.43
09-Awg 221 1 11.5% 11.3 9.6 12.0 11.1 9.3 2.43
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Also included are

Table 22. ({Centinued} Irrigation and Rain amounts for the 1987 FIZZ-FACE experiment,
the hours of fizz-water {CO5) applications,
DAY IRRIG, m———— —— TREATMENT -~ ~mwm= e ——— w -
DATE of or FACE FIzz
YEAR RAIN (R} COHTROL REP 1 REP 2 REF 3 REP 4 H,0 Ca,
mm hra
10-4ug 222 I 11.4 1.3 8.6 12,1 11.1 9.4 2,43
11-Aavg 223 R 7.9 7.9 7.8 7.9 7.9 7.9
12-Aug 224 I 10.4 11.0 12,2 10.2 9.8 a,2 2.63
13-aug 225 I 10.4 1i.0 12.2 10,2 9.8 8.2 2,63
la-pug 226 I 10.4 11.0 12,2 10.2 9.8 8.2 2.63
15-Aug 227 I 10.4 11.0 12.1 10.2 9.7 8.1 2,63
16-Aug 228 I 10.4 11.0 12.1 10.1 9.7 B.1 2.682
17-Aug 229 I 10.2 10.9 12.1 10.1 9.7 8.1 2.63
19-Aug 221 I 12.4 12.5 10.6 12.8 14.2 15.6 J.80
20-Aug 232 I 12.4 12.5 10.6 12.8 14,2 15.6 J.80
2l-Aug 233 I 12.4 12.5 10.6 12.8 14,2 15,6 3.80
22-Aug 234 I 12.4 12.5 10,86 12,7 14,2 15.6 3,80
23-Aug 235 R 3.6 3.6 3.6 3.6 3.6 3.6
23-Aug 235 I 12,4 12.5 10.5 12,7 14,2 15.6 3.80
2h~Aug 236 R 3.0 3.0 3.0 1.0 3.0 3.0
24-pug 236 I 12.3 12.5 10.5 12.7 14,1 15.6 J.80
25-Aug 237 R 21.1 21.1 21,1 21.1 21.1 21.1
27~Aug 229 I g.3 7.5 5.2 8.6 6.8 4.8 1.18
28-Aug 240 I 9.3 7.5 8.2 8.6 6.8 4,9 1.18
29-Aug 241 I 9.2 1.5 g9,2 B8.g 5.8 L.9 1.18
J0~Aug 242 I 9.3 7.5 9.3 B.6 6.8 4.9 1,18
31-Aug 243 I 9,1 7.4 9.3 8.7 6.7 4.9 1.18
02-Sep 245 I 11.8 13,8 13.3 13.1 13.0 11.3 2,51
Q3-Sep 245 I 11.8 13.8 13.2 12,1 13.0 11.3 2.91
04-Sep 247 I 11.8 13.8 13.3 12,1 13.0 11.3 2,91
05-Sep 248 I 11.8 12,8 13.2 13.1 13,0 11.3 2,81
06-Sep 249 I 11.B 13.8 13.2 13.2 13.0 11.3 2.51
07-Sep 250 I 11.7 13.8 13.2 13.2 13,1 11.5 2.91
09-Sep 252 I 11.3 10.5 11.8 10.4 13.4 11.3 2.93
10-Sep 253 I 11.3 10.5 11.8 10.4 13.4 11.3 2.93
11-5ep 254 I 11.3 10.5 11.8 10,4 13.4 11.3 2.93
12-5ep 255 I 11.3 10.4 11.7 10.4 13.4 11.3 2,83
13-Sep 256 I 11.3 10,4 11.7 10.3 13.4 11.3 2.93
i4-Sep 257 I 11.3 10.4 11.7 10.3 13.5 11,3 2.9]
16-5ep 2589 I 11.2 11.3 11.8 11.5 9.8 11.9 3.05
17-Sep 260 I 11.2 11.3 11.7 11.5 9.7 11.9 3.05
Totals 1176.6 1150.2 1188.3 1180.85 1189.5 1160.5 220.1

f Due to repair of carbonator, FIZZ plots received plaln water between 17 June and 7

Z Applied by flooding in furrows.

All other irrigations applied through drip tubing,

July,
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Tabie 23. g:‘t;ggﬁﬂts’pptications to the FI22-FACE 1987 experiment, At first the fertilizer source was urea, and then it was uran-32 starting

Day Face
of REP T WED 1T REFTIT EFV Fiz22 CONTROL
Year TSI uh,* wo.”  Wn,t wog wi, " Nog” .t nog” w,t o oy
4 3 4 3 4 3 4 3 4 3
""" R L 1- N V) FCEE I SR A R B N R
28-apr 118 8.44 8.44 B.44 844 B.44 B.44
17-Jun 168 5.37 B8.49 6.16 4.62 4.75 1.89
24-Jun 175 5.37 B.49 6.16 4.62 14.06 5.81
02-Jul 183 5.37 8.49 6.16 4,62 9.27 3,94
08-Jul 189 5.37 8.49 6.16 4,62 8.25 4,65
15-Jul 196 5.91 t.89 9.36 2.99  &.79 2.17 5.09 1.63 9.16 2.93  5.08  1.62
23-qul 204 5.91 1.8 9.36 2.99  6.79 2.97 5.09 1.63 9.40 3.07 477 1.52
29-Jul 210 5.91  1.89 9.36 2.99  6.79 2.7 5.09 1.63 9.70 3,10 4,70 t.50
O6-aug 218 5,91  1.89 9.36 2.99  6.79 2.17 5.09 1.63 9.36 2.99 4.94  1.58
13-Aug 225 7.10  2.27 7.49 2.39  6.79 2.17 6.1 1.95 7.21 230 7.15 2,28
19-pug 231 7.10 2,27 7.49 2.3%9  6.79 2.17 6.1 1.95 7.21 230  7.15 2.28
27-Aug 239 7.10 2,27 7.49 2.39  6.79 2.17 é.11 1.95 7.21 230 7.5 2.28
D2-Sep 245 5,91 1.89 9,36 2.9¢  6.79 2.17 5.09 1.63 7.21 2,30 7.15  2.28
B0.77 16.25 111.68 2213 ©7.36 17.35 70.67 13.968 TiT.42 2130 72.80 T95.3%
.‘,3:,‘:‘?,,2:; 97.02 133,81 104,71 84,65 132.72 88,16
Irrigated area (mé): 1028 650 896 1195 369 532

62t
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Table 24, Mean CO, concentrations and the associated standard
deviations at the 75% plant height from 20 June through 19
September for the 1987 FIZZ/FACE experiment at Phoenix,

Arizona.
AVERAGING TREATMENT
INTERVAL REP CONTROL FIZZ FACE
..... b 2R - - - .
09:00-10:00 I 348434 360142 346438
II 343134 35943 347%38
ITI 348436 357455 346340
IV 348136 362453 349344
Avarage 347135 360148 347440
12:00-13:00 I 340%35 345+36 456194
II 337£36 346139 459190
III 35147 357+38 434%71
Iv 338440 345439 446+B8 N
Average 342240 348438 449186 :
Daytime I 342438 346439  381+83 '
11 340+36 345%39 ig0+81
111 347+48 348143 37169
v 340138 344+43 376478
Average 342340 346£41 377x78
Nighttime I 37649 382451 378%50
II 37047  367X45 375350
111 389+62 387+58 379L54 .
v 384+60 38460  386+61
Average 380%55 380154 380x54
Whole Day I 35847 363t48 379470
II 354t44 355143 77169
III 367159 366%54 375163
v 360454 362*35 aglt7]1 -
Avarage 360x51 362x50 378+68
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Table 25. Mean CO, concentrations and standard errors of means, as
measured with a LI-COR 6200 Portable Photosynthesis System
near midday on 2 days during the growing season of the 1987
FIZZ/FACE experiment. The means are averages over reps and
day-of-year. Day-of-year was a significant factor as was
the CO, % day-of-year interaction.

Leaf €0, TREATHMENT
No. Control FIZZ FACE XSEM n

T I AL

1 351 344 406 5 36

2 341 343 378 5 36

3 339 342 387 = .36

Means over 343 343 391 3 108
leaves
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Table 26. Mean CQ; concentrations and the associated standard
deviations at various heights for Rep IV from 20 June to 19
September for the 1987 FIZZ/FACE experiment at Phoenix, AZ.
AVERAGING TREATHMENT
INTERVAL HEIGHT CONTROL FIZZ FACE
..... pE/E < - - - -
09:00-10:00 1.8 m 352£38 353+37 352439
75% 34836 3682453 349%44
50% 348+57 369+54  353F56
25% 351435 394196  361%73
12:00-13:00 1.8 m 344141 343£38  357#40
75% 338240 345439 446188
50% 339138 351+41  490%122
25% 341+39 366450  569%160
Daytime 1.8 m 3434338 34338 347%41
75% 340438 344342 376178
50% 341%38 34844 390102
25% 344138 35856  423%148
Nighttime 1.8 m 362447 36147 360147
75% 384t60 384460  386tsl
50% 389463 389+62  390x63
25% 394+63 394%64 394164
Whole Day 1.8 m 352443 351443 35344
75% 360x54 362455 38171
50% 363157 36757  390t86
25% 36757 375%63  409%118

! 7
K I
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Tabte 27. Final harvest data from the open-field Coz-reieasn (FI22-FACE) studies. Data are averages of 5m2 harvested on 29 September - 1 October
1987 (day 272-274) for each of the four réplicatians.

TREATHENT Control {C) FIZZ (1) T FACE (A)

REPLICAT10H I Tl 11 v I i 1 v 1 i 111 v
Plant Height (cm) 70 79 8s 90 93 86 84 95 B8 91 79 82
Bolts/m’ 78 82 83 3 90 m 8a 95 103 100 82 106
{Total) 2

Top Dry Wt (g/m?) 493 473 401 466 535 608 534 657 643 553 508 %
Root Dry Wt (lez) (NO DATA COLLECTED)

Ave. Top D.M. (a/m) 458 584, 588

Rel. €O, Effect 1.00 1.28 1.28

Lint Wt (g/n’s’ 113 12 91 107 148 151 138 133 46 143 129 138
Seed Wt (g/m%) 183 170 130 150 216 225 193 190 206 212 184 195
Average (g/m%) 259 349 338

Rel. €O, Effect 1.00 1.35 1.31

% Lint 4 40 4 42 41 40 42 41 41 40 41 4
Sced Cotton (g/m)2 307 302 312 377 9 49 382 382 435 394 327 422
average (9/mC) 325 39 395

Rel. €O, Effect 1.00 1.21 1.22

Seed fndex {9/100) 10.3 9.3 10.4 10.0 10.3 10.7 0.8 101 10.8 10.5 10.3 10.9
Harvest !ndux3

62 64 78 B1 74 &9 72 58 58 7 &b &5

1

LEEE

Daes not inciude weight of green, unopened bolés at time of harvest.

2 fnciudes estimate of seed cotten in green bolls at the time of harvest.

! 5
3 Seed cotton weight/top dry weight X 100,
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Table 28, Leaf area index (LAI) and leaf area per boll (LA/B) on
various sampling days in 1987 from the FIZZ/FACE experiment.
The data are averages over four reps.
Day TREATMENT
of FACE FI1ZZ CONTROL
Year LAI 1A/B 1AL LA/B LAl LA/B
cm?/boll em? /boll cm?/boll
158 0.3 0.3 0.3 |
161 0.4 0.4 0.5
168 0.6 0.7 2400 0.7 9300
175 0.9 680 1.1 775 0.9 1480
182 1.1 340 1.8 540 1.5 390 E
189 1.2 190 1.7 270 1.2 250 .
195 1.7 175 2.3 180 1.4 170 ‘
203 1.5 170 2.2 190 1.3 210
210 2.1 200 2.5 250 1.9 240
217 2.2 340 2.4 300 1.9 310
224 2.8 330 4,2 450 2.7 920 A
231 2.3 840 3.2 750 2.1 870
238 3.0 2500 3.3 - .9 3100
245 3.0 2400 4.7 2100 3.1 1650
252 2.4 1940 3.8 1250 3.5 1450
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Table 29, Elemental analysis of cotton leaf blades sampled 23 July
1987 from Rep II of the FIZZ/FAGE experiment, as analyzed
(and interpreted) by IAS Laboratories, Phoenix, Arizona.
Each sample was a composite of 10 leaf blades taken from the
top of the canopy. The letters following the numeric values
are interpretive codes, as defined in the footnoce!

TREATMENT
Element Control FIZZ FACE

N (g/kg) 27 ¢ 34 A 27 ¢

P (g/kE) 5.7 A 3.1 A 5.0 A

K (g/kg) 22 A 22 A 25 A

Ca (g/kg) 45 H 47 H 46 H

Mg (e/kg) B.O A 8.4 A 7.9 A

5 (g/kg) 19 H 19 H 19 H

Na (g/kg) 1.4 A 2.1 H 1.5 A

Fe (mg/kg) 175 A 195 A 180 A

Zn (mg/kg) 21 ¢ 21 ¢ 19 D

Mn (mg/kg) 69 A 95 A 81 A

Cu (mg/kg) 10 A 10 A 9.9 A

B (mg/kg) 195 A 195 A 185 A

1 D (peficient): Visual symptoms of deficiency should be

showing. If corrected early in most
erops, ylelds will benefic,

€ (Critical): Visual deficiency symptoms may or may
not be present, but fertilization with
this element is likely to increase -
yield,

A (Adequate): Plant contains enough of element for
maximum yield. Ideally, all elements
would be at this level,.

H (High): This level of concentration indicates a
luxury or extravagant amount of this
element,

T (Toxie): There are probably visual symptoms of

toxicicy present, Yields would he
depressed by elements in this
concentration range.
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Table 30. Mean net photosynthesis, "raw" stomatal conductance, and
"adjusted" stomatal conductance observed near midday on 9
days of the 1987 FIZZ/FACE experiment. The means are
averages over 3 leaves per plot, & replicate plots, and 9
days. Means not followed by the same letter are
significantly different at the 0.05 probability level using
LSD after F test,

CO, TREATMENT -
Item n CONTROL FIZZ FACE

Net Photosynthesis 108 26.5a 26.4a 30.4b
(umol m™% s71)
"Raw” stomatal conductance 96 2.92a 2.90a 2.90a
(cm s71)
"Adjusted" stomatal conductance 96 8.21a 7.56a 11.6a
following Idso et al. (1987) i ;
(em s71) _ 4
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Table 31, Baet armyworglgrnwth on host cobbton plants grown at ambient
and 650 uf«f COZ treatments and high and low fertilizer
treatments,

CO, TREATMENT
550 EOZ Ambient CO, Tokal

Fertilizer WNao. mg = S5EH No, mg % BSEM Ho. mg S SEM

High k1] 8g9.0 2,5 * 51 498.6 3.0 81 95,0 2.1

¥

Low 6 Bl.9 12,6 8 85,5 6.1 14 B4.0 6.1

Group 36 87.8 2.9 ® 539 g96.8 2.7

*“ P < 0,05 ¢ P=0,058

Tabla 32. Growth of heet armyworm females and males on host cokbton grown at
amhiant and 650 uf/@ €Oz and high and low fertilizer treatmants.
High Fertilizer Low Fortilizer
650 CO, Ambient CO, 550 CO- Ambient CO5

Sex o, mg 2 SEM HNo, mg = EM No, mg = SEM HKo. mg = SEM
Female 20 a7.3 3.2 » 27 101.0 4.3 3 95.7F 21.5 35 93.4% 5.5
Male 10 92.3 6.2 24 95.8 4.0 3 68.1 1.8 3 72.5 10.4
Group a0 83,0 2.5 * 51 98.6 3.0 6 81.9 12.6 8 B3.5 g.1
* P 0,05
Table 33, Beet armyworm devolopment time on host cotton plants grown

at ambient and 650 £

€O, treatments and high and low
fertilizer treatments,

0o TREATMENT

£30 €0, Ambient €O, Total
Fertillizer Mo, Days = SEM Hao. Days = 5SEM No. {ays = SEM -
High 30 13,7 0.5 »* 58 12.2 0.3 86 12.8 0,3
L2 2.
Low 7 14.3 1.7 7 15.1 1,6 14 16.7 1.2
Group 37 14,59 0.6 »* B3 12.6 0.3
¢ P < 0,01; #n= P < 0,001
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Table 34. Development time of beet armyworm females and males on host cotton plants
grown at ambient and 550 /2 Loy and high and low fertillzer treatments.

High Fertilirer

Low Fertilizer

E50 CDZ Ambient CO, 550 CO, Ambient CO»

Sex Ho. Days = SEM Ho. Days SEM Ho, Days = SEM Ho, Days = gEH
Female 20 14,2 0.7 « 27 12,4 Q.3 4 16,5 1.7 3 16,2 2,2
Malae 10 12.8 0.4 29 12.1 0.3 3 20.7 3.2 2 12.5 0.5
Group 30 12.7 0,5 =~ 56 12.3 0.3 7 8.3 1.7 7 15.1 1.6

* P<0,05 ** P < 0.0l

Table 35, Beet armmyworm survivol a
at ambient and 650 wf £

host cotZon plants grown
CC, treatments and high
and low fertllizer treatments.

Ferrilizoz 650 CO, Ambient CO»
z He. 4 No,
High 15.1 (307157) k1.6 [(57/137)
"w L1 ]
Law 4.9 {7/143) 5.4 {77128}

** P < 0.01; #** P < 0,001

Table J6. Percentage of surviving best armyworm larvae that
were male and female after rearing OR catfon grown
at ambient and 650 wl/£ CO, and at the high

fartilizer treatment.

Sex B50 GO, Ambient CO,
T Ha. T Ho .

Female E6.7 {20/230) 48,2 (27/56}
*

Hale 33.3 {10/30) 51.8 (29/56)

* P = 0.05
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Figure 1. Plot plan for the 1987 CO,/WATER/NITROGEN
experiment (which was the same as that for
1986) showing the arrangement of the open-top
chamber plots with 2 reps (I and II), ambient
(C”) and 650 u2 £7' (C*) c0, treatments,
well-watered (W) and water-stress (W")
irrigation treatments, and none added (N7)
and added (N") nitrogen treatments.
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Flgure 2. Amounts of irrigation and rainfall applied to
the wet and dry plots that received added
nicrogen (N') for the CO,-cotton 1987
experiment. Also plotted are the measured
pPan evaporation (X LAI/3) and the Erie er al.
(1981) consumptive use curve for cottan for
compariseon with the wet plots as well as 2/3
of those amounts for comparison with rthe dry
plots,
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Amounts of Iirrigation and rainfall applied to

the wet and dry plots that received no added
nitrogen (N7) for the CO,-cotton 1987 experi-
Also plotted are the measured pan evapo-
ration (X LAI/3) and the Erie et al. (1981)
consumptive use curve for cotton for comparison
with the wet plots as well as 2/3 of those
amounts for comparison with the dry plots.
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Figure 4. Diurnal pattern of the mean €O, concentration for
the wer-Rep I chambers in 1987. The upper and
lower pairs of solid lines are the standard
deviations of the individual observatrions. On the
right are the all-day means and standard
deviaticns.
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Diurnal pattern of the mean CU, concentration £
the wet-Rep II chambers in 1987. The upper and
lower pairs of solid lines are the standard
deviations of the individual observations. On
right are the all-day means and standard
deviations.
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Figure 6.

TIME OF DAY (MST)

Diurnal pattern of the mean CO, concentration for
the dry-Rep I chambers in 1987, The upper and
lower pairs of solid lines are the standard
deviations of the individual observations. On the
right are the all-day means and standard
deviations. 3. A
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Diurnal pattern of the mean CO, concentration for
the dry-Rep II chambers in 1987. The upper and
lower pairs of solid lines are the standard
deviations of the individual observations. On the
right are the all-day means and standard
deviations.
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Figure 8. Seed cotton (lint plus seed) yield versus CO, concentration

for the 1987 CO,-WATER-NITROGEN experiment. The labels on
the right idenctify the year and replicate of the particular

data points,
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Figure 9. Seed cotton yield relative to the ambient CO, chambers
versus CO, concentration for the 1987 CO,-WATER-NITROGEN
experiment. The labels on the right identify the year and
replicate of the particular data points.
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Figure 10. Accumulated number of bolls in the open-top chambers.

Data are from both replications of the nitrogen-added
(N*) plots for the wet and dry ambient CO, chambers
(€7) and the wet and dry 650 pf/2 CO, (C*) treatments.
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Figure 11. Weekly average rate of flower production in the open-

top chambers that received added nitrogen (N*).
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Figure 12. Boll retention in the open-top chambers that received

3
100

L3 T

1 T L] L] 13 T +
170 180 190 200 210 120 220 240 2.1

JULIAN DATE

added nitrogen.(N'). The data are the weekly average
percentage of blossoms produced which resulted in
harvestable bolls,
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Figure 13, Accumulated number of bolls in the open-top chambers,

Data are from both replications of the no-nitrogen-added
(N") plots for the wet and dry ambient CO, chambers (C7)
and the wet and dry 650 uf/f CO, (C') treatments.

Annual Report of the U.S. Water Conservation Laboratory



352

F oy CrH=(ORY}
PHOENIX 19287 " sk CHH={WET}

Awwmd C«N={DRYT)}
e ‘ r—u C-N=[WET)

5
>
< 4
o
N\
=
S
-
uw
=
o
e

=

JULIAN DATE

Figure l4. Weekly average rate of flower production in the open-top
chambers that received no added nitrogen (N”).
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Figure 15. Boll retention In the open-top chambers that received no
added nitrogen (N”), The data are the weekly average
percentage of blossoms produced which resulted in
harvestable bolls,
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Seed cotton yield versus CO, concentration for 5 years’
worth of experiments with open-top chambers at Phoenix,
AZ. The labels on the right identify the year and
replicate of the particular data points,
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Figure 17. Seed cotton yield relative to the ambient CO, chambers
versus CO, concentration for 5 years’ worth of
experiments with open-top chambers at Phoenix, AZ. The
labels on the right identify the year and replicate of
the particular data points.
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Figure 18, Petiole NO;  nitrogen contents versus day
of the year for the ambient CO, - low N,
ambient CO, - high N, 650 p#/# €O, - low
N, and 650 p£/2 CO, - high N treatments, L
all from the wet plots. ‘
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Figure 19. Petiole NO;  nitrogen contents versus day
of the year for the ambient CO, - low N,
ambient CO, - high N, 650 pf/2 CO, - low
N, and 650 pt/f CO, - high N treatments,
all from the dry plots.
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Figure 20, Net photosynthesis of cotton

leaves versus day of year (1987)
for the CO,-WATER-NITROGEN
experiment measured 6§ days
(upper graph) and 2 days (lower
graph) after irrigation., Each
data point is an average over
three leaves per chamber, 2
reps, and 2 nitrogen treatments,
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Stomatal conductance of cotton leaves
versus day of year (1987) for the
CO, -WATER-NITROGEN experiment
measured 2 days after irrigation,
Each point is an average over 3
leaves per chamber, 2 reps, and 2
nitrogen treatmencs. Both "raw"
conductance values and also
"adjusted” values are plotted, where
the adjustment was accomplished
following the recommended procedure
of Idso et al. (1987),
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Figure 22. Stomatal conductance of cotton leaves

versus day of year (1987) for the

CO, -WATER-NITROGEN experiment

measured 6 days after irrigation.

Each point is an average over 3

leaves per chamber, 2 reps, and 2

nitrogen treatments, Both *raw"

conductance values and also

"adjusted" values are plotted, where L /
the adjustment was accomplished ‘
following the recommended procedure

of Idso et al. (1987).
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Maximum daily temperatures from day of year
245 (2 September) through 285.(12 October)
for 1986 and 1987.
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Figure 24. Cotton foliage temperature increase caused by atmospheric

€0, enrichment (with respect to the ambient control

plots). The curve is the regression fit to the data from

1983-85 (Kimball et al,, 19B85). Each symbol is an
average over 20 observations per plot per day, several
clear days each year, and 2 or 4 replicate plots.
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Photosynthetic photon flux (PPF) inside and
outside "chimney-top" chambers, as measured
on 3, 9, 10, and 11 September 1987. Also
shown is the mean transmittance as determined
by the slope of the least-squares line
through the origin,
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CANOPY PHOTOSYNTHESIS 1987
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Figure 26. Cotton canopy net photosynthesis tneasured

with "chimney-top" chambers wvs.
photosynthetic photon flux measured by
outside pyranometer times a transmittance of
0.769 for chambers at both ambient and &350
p2/2 of CO,. Also shown is a curve from
Baker et al. (1972) which was used to develop
the net photosynthesis subroutine in GOSSYM
by Baker et al. r1983) for a temperature of
30°C and a vapor pressure deficit of 1 kPa.
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LEAF PHOTOSYNTHESIS
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Figure 27. Mean cotton leaf net photosynthesis (10

observations per point) measured with a
Li-Cor 6200 Portable Photosynthesis System
inside "chimney-top" chambers at ambient
and 650 pl/f of CO, versus the
corresponding mean photosynthetic photon
flux inside the leaf chamber on 3, 9, 10,
and 11 September 1987,
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Figure 28, Same as Figure 27 except the leaf
photosynthesis values have been
multiplied by the leaf area index (LAI)
of the cotton canopy in the particular
chamber.
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Fipure 29, The regression curves of net cotton

canopy photosynthesis, leaf photosyn- .
thesls, and leaf photosynthesis times )
LAI on photosynthetic photon flux from
Figures 26, 27, and 28. Also shown is
a curve from Baker et al. (1972) which
was used to develop the net photosyn-

- thesis subroutine in GOSSYM by Baker
et al. (1983) for a temperature of
30°C and a vapor pressure deficit of 1
kPa,
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CO>~—COTTON 1987
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Figure 30. Canopy photosynthesis measured with the “chimney-
top" chambers versus leaf photosynthesis measured
during the same hour with a Li-Cor portable
photosynthesis system. The leaf data are the
average of 10 young fully-expanded leaves at the
top of the canopy and adjusted for a cuvette
transmittance of 0.81 using the photon flux
equations for leaves given in Table 15.
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Figure 31, Leaf starch content of chamber-grown cotton
plants grown with ambient €O, (C-)}, no added
nitrogen (N-), and water-stress (W-). The
same leaves on a plant were sampled at dawn
{AM) and dusk (PM) to determine the effect of
daily photosynthesis upon this parameter.
Plants were sampled twe days following water-
ing {(lowest weekly water stress) and six days
after watering (greatest weekly water stress).
Sampling for this test was done using the same
plant, sampling the fifth leaf from the apex
for the first sample and the leaf just below
that for the second sampling. Each bar repre-
sents the mean of two replicates.
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Figure 32, Leaf starch content of chamber-grown cotton
plants grown with ambient CO, (C-), no added
nitrogen (N-), and were well-watered (W+).
The same leaves on a plant were sampled at
dawn (AM) and dusk (PM) to determine the
effect of daily photosynthesis upon this
parameter. Plants were sampled two days
following watering {lowest weekly water
stress) and six days after watering (greatest
weekly water stress). Sampling for this test
was done using the same plant, sampling the
fifch leaf from the apex for the first sample
and the leaf just below that for the second ;
sampling. Each bar represents the mean of two A
replicates, ‘
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Figure 33,

220 270
Julian Date .

Leaf starch content of chamber-grown cotton
plants grown with ambient CO, (G-), added
nitrogen (¥+), and water-stress (W-). The
same leaves on a plant were sampled at dawn
(AM) and dusk (PM) to determine the effect of
daily photosynthesis upon this parameter.
Plants were sampled two days following water-
ing (lowest weekly water stress) and six days
after watering (greatest weekly water stress).
Sampling for this test was done using the same
plant, sampling the fifth leaf from the apex
for the first sample and the leaf just below
that for the second sampling. Each bar repre-
sents the mean of two replicates.
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Figure 34. Leaf starch content of chamber-grown cattan
plants grown with 650 ul/2 GO, (C+), no added
nitrogen (N-), and water-stress (W-). The
same leaves on a plant were sampled at dawn
(AM) and dusk (PM) to determine the effect of
daily photosynthesis upen this parameter,
Plants were sampled two days following water-
ing (lowest weekly water stress)} and six days
after watering (greatest weekly water stress).
Sampling for this test was done using the same
plant, sampling the fifth leaf from the apex
for the first sample and the leaf just below
that for the second sampling. Each bar repre-
sents the mean of two replicates.
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Figure 35, Leaf starch content of chamber-grovm cotton
plants grown with ambient CO, (C-), added
nitrogen fertilizer (N+), and were well-~
watered (W+). The same leaves on a plant were
sampled at dawn (AM) and dusk (PM) to detex-
mine the effect of daily photesynthesis upon
this parameter. Plants were sampled two days
following watering {(lowest weekly water
stress) and six days after watering (greatest
weekly water stress). Sampling for this rest
was done using the same plant, sampling the
fifth leaf from the apex for the first sample
and the leaf just below that for the second
sampling. Each bar represencs the mean of two
replicates,
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Leaf starch content of chamber-grown cotton
plants grown with 650 pf/f CO, (C+), no added
nitrogen (N-), and were well-watered (W+).
The same leaves on a plant were sampled at
dawn {(AM) and dusk (PHM) to determine the
effect of daily photosynthesis upan this
parameter. Plants were sampled two days
following watering (lowest weekly water
stress) and six days after watering {(greatest
weekly water stress). Sampling for this test
was done using the same plant, sampling the
fifth leaf from the apex for the first sample
and the leaf just below that for the second
sampling. Each bar represents the mean of two
replicates.
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Figure 37, Leaf starch content of chamber-grown cottan
plants grown with 650 uf/f CO, (G+), added
nitrogen (N+), and water-stress (W-). The
same leaves on a plant were sampled at dawn
(AM) and dusk (PM) to determine the effect of
daily photosynthesis upon this parameter,
Plants were sampled two days following water-
ing (lowest weekly water stress) and six days
after watering (greatest weekly water stress).
Sampling for this test was done using the same
plant, sampling the fifth leaf from the apex
for the first sample and the leaf just below
that for the second sampling. Each bar repre-
sents the mean of two replicates.
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Figure 38. Leaf starch content of chamber-grown cotton
plants grown with 650 pi/2 CO, (C+), added
nitrogen (N+), and were well-watered (W+).
The same leaves on a plant were sampled at
dawn {AM) and dusk (PM) to determine the
effect of daily photosynthesis upon this
parameter., Plants were sampled two days
following watering (lowest weekly watex
stress) and six days after watering (greatest
weekly water stress)., Sampling for this test
was done using the same plant, sampling the
fifth leaf from the apex for the first sample
and the leaf just below that for the second
sampling. Each bar represents the mean of two

replicates. - .
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Figure 39. Plot plans for the 1986 and 1987 FIZZ/FACE
experiments which were nearly identical. The
medium heavy lines demarcate the separate 4
replicates which were irrigated individually,
except that the FIZZ plots were irrigated to-
gether both years and the control plots were
irrigated together only in 1987, The small fine
lines demarcate small rectangular plots for an
Independent plant breeding experiment. The
dashed lines demarcate the 20 m borders of the
€O, -enriched area for each of the FACE (A)
plots. Rows 36 and 37 were not planted in 1987,
The relative location of the open-top chambers
for the CO,/WATER/NITROGEN experiment is also
shown., The asterisk (#*) indicates the site of
the weather mast.
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Figure 40, Diurnal course of mean CO, concentration averaged
from 20 June through 19 September 1987 at the 75%
plant height in Rep I of the control, FIZZ, and
FACE plots. Also shown are the standard deviations
of the individual observations for the control and
FACE plots,
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Diurnal course of mean CO, concentration averaged from

20 June through 19 September at various heights in the
Rep IV control plot,
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Figure 42. Diurnal course of mean CO, concentration averaged from
20 June through 19 September at various heights in the
Rep IV FIZZ plot.
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Figure 43. Diurnal course of mean CO, concentration averaged from
20 June through 19 September at various heights in the
Rep IV FACE ploc,.
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Figure 44. Vertical profiles of mean CO, concentration

sampled during the hours ending about 10:00
(upper graph) and about 13:00 (lower graph)
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1987 FACE PLOTS
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Figure 45, Final blomass and seed cotton yields from

the 1987 FACE experiment plots versus the
amount of applied nitrogen fertilizer.
The numbers beside the data points iden-
tify the particular rep. The arrows
indicate the amocunts applied to the con-
trol and FIZZ plaots.
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Figure 46. Accumulated number of bolls through the season in the
1987 FIZZ/FACE experiment. The data are weekly averages : -

of four replicates.
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Figure 47. Rate of flower production in the 1987 FIZZ/FACE
experiment. The data are weekly averages of four
replications,
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Figure 48, Boll retention in the 1987 FIZZ/FACE experiment. The
data are the percentages of the weekly averages (and over
4 replications) of blossoms produced which resulted in
harvestable bolls.
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Figure 49, Net photosynthesis of cotton leaves versus day
of year (1987) for the FIZZ/FACE experiment.
Each data point is an average over three leaves
per plot and 4 reps,.
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Figure 50. Stomatal conductance of cotton
leaves versus day of year (1987)
for the FIZZ/FACE experiment.
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TITLE: SPATIAL VARIABILITY OF DEEP PERCOLATION RATES

SPC: 1.3.02.1.a GRIS WORK UNIT: 5344-20790-005
1.1.02.1.¢c
INTRODUCTION

Characterization of solute movement through the root =zone to the
groundwater is necessary to predict the long term effects of irrigation
on groundwater quality. The ability to predict the rate of solute
movement and the resulting quality of the deep percolation water is
critical for evaluation of irrigation management practices on groundwater
quality. In order to predict the movement of solutes and pesticides
through the soil to the groundwater, we must also know how the solute
velocities vary over space and time,

PROCEDURE

Spatial and temporal variability studies of water and solute transport
were conducted at the Maricopa Agricultural Center. The experiment was
described in detail in the 1985 Annual Report, "Distribution of a mobile
herbicide below a flood irrigated field.” Five 7.5 cm irripations were
applied to the field at 2 week intervals. A different tracer was applied
to 14 plots before each irrigation. Six days after the last irrigation
each plot was sampled at seven random locations at 30 em intervals to a
depth of 270 cm. For amalysis, a 2:1 soil-water extract was obtained for
each sample and analyzed using a HPLC method,

RESULTS AND DISCUSSTION

Velocity and dispersion coefficients were determined for each hole by
fitting the data to the one dimensional convection-dispersion equation
using the non-linear least squares Inversion method. Examples of the
fitted curves are shown in Fig. 1 as the smoothed curves. Fractile
diagrams of velocity indicated a normal distribution as shown in Fig. 2. .
However, the dispersion coefficients appeared to be log-normally
distributed as shown in Fig. 3.

The variation of solute wvelocity over time was analyzed from each
location sampled, From the depth-concentration relationships, as shown

in Fig. 1, the depth of the maximum concentration, Dp, of each tracer was
determined. Because each tracer was applied at a different time, the -
breakthrough curves, shown in Fig. 1, are representative of solute
movement over time. A linear relationship of D and time indicates
-constant velocity over time, Linear regression analysis was run on each
Dp-time curve. The average r? value for all 98 holes was 0.91 +/- 0.1
which indicates that little variation in velocity occurred over time.
When smoothed data was used, the r?2 value increased to 0.95,

The spatial structure of the field was characterized wusing semi-
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variagrams for velocity. The semi-variagrams for each tracer are shown
in Fig. 4. The minimum number of pairs used for any one lag was 30. The
minimum distance between sample points was 1.5 m. The sill fluctuated

" around the variance in all variagrams. The amplitude of the fluctuation

and the variance increased at smaller times, The samples were taken in
30 cm increments. At the smaller times, the tracer had moved a shorter
distance. The 30 cm increment then represented a larger percentage of

the total depth. Errors in defining the actual depth of tracer peak
would be greater them at the shallower depths or smaller times. The
range varied from 3 m at day 69 to about 7 m at day 6. The greatest
change in the range was noted between days 6 and 27, However, because of
the greater variance and fluctuation in the variagram, a larger error in
range estimation would be expected, The magnitude of the range is
similar to that determined from previous infiltration studies on the same
field. The range associated with spatial variation of evaporation was
also between 3 and 7 m. However, one would not expect the spatial
structure of evaporation to mnecessarily be similar to that of
infiltration or solute velocity,

SUMMARY AND CONCLUSTONS

Spatial and temporal wvariability of solute wvelocity was studied under
intermittent flood irrigation. The velocity was normally distributed
while the dispersion coefficients were log-normally distributed. The
velocity at any one sample point in the field varied little with time
over the 70 day duration of the experiment. The spatial variability of
solute wvelocity was characterized by semi-variagrams. The range varied
from about 3 m at day 69 to 7 m at day 6,

PERSONNEL

R. C. Rice, D. B. Jaynes, G. C. Auer, J. B, Miller, H. Bouwer, and H. Y.
Cho .
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TITLE: Transport of a Conservative Tracer in the Field Under Continuous
Flood Irrigation

SPC: 1.3.02.1.a CRIS WORK UNIT: 5344-20790-005
1.1.02.1.¢c

A 5-cm deep pulse of bromide-tagged water was applied to four small field
subplots and then leached under continuously flooded conditions for seven
days, During leaching, solution samples were periodically withdrawn
through suction samplers from seven depths within each subplot. Pore
water velocities, vg, and dispersion coefficients, D, were calculated by
fitting the one-dimensional solution of the advection-dispersion equation
to the concentration versus time curves from each sampler. Both vg and D
were best described by a log-normal distribution rather than a normal

distribution (Figs. 1 and 2). D wvalues were very large compared to
values reported for laboratory experiments, but similar to other field
values measured under similar conditions. Neither vg nor D showed any

significant correlation with depth or time but the dispersivity (ratio of
D to vg) did show a weak positive correlation with depth. The relation-
ship between In D and ln vg was linear with a slope near 1.0 (Fig. 3).
However, when vg and D data measured in an earlier study under an
intermittently dosed irrigation regime at the same site were included, ln
D was no longer a simple linear function of 1In wvg, This may be due to
differences in the flow regime created by these two irrigations schemes
or to difficulties in applying an analytical solution for a steady-state
flow problem to a intermittently dosed regime.

The ratio between the calculated pore water velocities and the velocities
calculated from the surface flux divided by the average water content was
equal to or slightly less than 1.0 for all depths below 0.6 meters (Fig.
4a)., At depths less than 0.6 m the ratio was considerably greater than
1.0 indicating that a fraction of the soil water was being bypassed or
not participating in the leaching process. This result is in contrast to
an earlier study conducted under a dosed irrigation scheme on this site
in which the ratic was consistently greater than 1.0 at all depths (Fig.
4b). Preferential flow caused by immobile water or large macropores is
apparently not as Iimportant under continuously flooded conditions as
under intermittent conditions at this site.

PERSONNEL

D, B. Jaynes, R. 5. Bowman, R. C. Rice, H., Bouwer, and H., Y. Cho
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Figure 1. Fractile diagrams for vg and ln vg fitted to the continuously -

flooded irrigation results where p and 0 are the mean and standard deviation’
of the variable x rESpecfively. R? values refer to the‘goodness of fit to a

linear relatioﬁ.
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Figure 3. Linear relationships between ln Vs and 1ln D values fitted ta
continupusly flonded irrigation results (circles and dotted line), dosed
irrigation {triangles and broken line) and all the data caombined {solid
line). Straight lines are the least-square linear regressions ito the data.

Dosed irrigation data were reported by Bowman and Rice in the 1984 Annual

Report.
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soil water is bypassed. a)} Results from continuously flooded irrigation. b}

Combined results from all dosed irrigations described by Bowman and- Rice.

Annual Report of the U.S. Water Conservation Laboratory



Annual Report of the U.S. Water Conservation Laboratory



407

TITLE: WATER FLOW AND CHEMICAL RETARDATION IN SOILS: A SIMPLE EFFECTIVE
LABORATORY DEMONSTRATION

SPC: 1.3.02.1.a CRIS WORK UNIT: 5344-20790-005

INTRODUCTION

An appreciation of miscible displacement phenomena is central to under-
standing water and chemical movement in soils, Leaching of fertilizer
nutrients, salts, and pesticides is controlled by water movement through
soil, and by chemical interactions between solutes and the soil matrix,
Given current awareness and concern over agricultural impacts on ground-
water quality, students as well as the general public are very interested
in -understanding how water and chemicals move downward from the soil
surface.

We have developed a simple vivid laboratory demonstration which illus-
trates principles of miscible displacement and chemical retardation in
soils., The demonstration consists of the separation of a mixture of two
brightly colored dyes as they pass through a sand column, One dye is
strongly retained in the top portiom of the column, while the other dye
moves unretarded with the percolating water., We have used this demen-
stration extensively to illustrate these principles to varied audiences
ranging from high school students to professional soil scientists and
hydrologists. The demonstration lends itself to supperting different
levels of discussion depending upon the sophistication of the audience.
The time required for the demonstration is 1l to 13 minutes,

MATERTALS AND METHODS

Sand column preparation

The column consists of sand packed in a clear 4.5-cm i.d., 26-cm long
plexiglass tube., One end of the tube is plugged with a ne. 10 rubber
stopper, inte which a piece of glass tubing (0.5 cm i.d., 9 cm long) is
inserted as a drain. A small piece of glass wool, inserted at the top of
the drain tube, and a 4.3-cm disk of 200-mesh screen (ATM Test Sieves,
Milwaukee, WI) above the stopper prevent sand from coming out of the
drain., Air-dry fine mortar sand is used as the column packing. Other
sands or so0ils can be used, but this will alter the volumes of dye and
time required for the demonstration. Portions of sand are added in
approximately 3-cm depth increments and packed by tamping with a 2.5-cm
diameter aluminum rod. We found that tamping with a large-diameter rod -
such as this is necessary to prevent "fingering" of added solution down.
the sides of the column. Sand addition with tamping is continued until

the sand depth is 16 cm. total weight of sand required is 420 g. A 4.3-

cm disk of 200-mesh screen is placed on top of the sand. The top screen
minimizes agitation of the sand when solution is added to the column.

The sand 1Is pre-wet by carefully adding (so as not to disturb the
surface) 300 mL of 0.01 M CaClp seclution to the column and allowing it to
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drain., If necessary the sand surface and screen are releveled. If the
drainage is cloudy, an additional rinse of 30 mL of CaClp solution is
added, After draining, the column can be used immediately or can be
stored wet for several days prior to use.

For the demonstration the column is supported vertically by a ringstand/-
clamp assembly. A backdrop constructed of white poster beoard improves
the visibility of the dyes.

Dye preparation

Two grams of Rhodamine B (J. T. Baker no. UB872-2) is dissolved in 100 mL
of boiling 0.01 M CaClp and diluted to a volume of 1 L with 0.01 M CacClsy.
Rhodamine B is a brilliant violet dye which is strongly sorbed by soil
and sand. Twenty-five grams of reagent-pgrade potassium chromate, K%CIOQ
(Mallinckrodt no. 6870), 1s dissolved in 1 L of 0.01 M CaClg. Cr0z<" in
sclution has an intense yellow color, and is not retained by the sand.
The solutions described provide enough material for 20 demonstrations,
and have a shelf life of at least several years at room temperature.

Demonstration

Fifty mL of Rhodamine B solution 1is combined with 50 mL of K3CrOy
solution in a 125-mL Erlenmeyer flask resulting in a dark-viclet solu-
tion, This solution is slowly poured onto the sand column while avoiding
disturbance of the sand surface. The solution is allowed to percolate
through the column with the outflow collected in a clean 125-mL
Erlenmeyer flask.

RESULTS AND DISCUSSION

Immediately after adding the dye solution to the top of the column, clear
water begins to drip out of the drain tube as the incoming solution
displaces water already present (stored) in the sand (Fig. la). After
about eight minutes, the drainage acquires a noticeably yellow tinge
(Fig. 1b). After nine minutes the drainage has the intense yellow coler
of the original Cr0412° solution. Drainage ceases after 11 to 13
minutes. Sorption of Rhodamine B by the sand results in a bright purple
band in the top one-quarter to one-third of the column (Fig. le).
Further additions of CaCl; solution will result in the eventual appear-
ance of Rhodamine B in the drainapge water.

We have found that our laboratory tap water (electrical conductivity 0.85
dSm“l, primary salt NaCl) serves as well as 0.01 M CaCly for dye prepara-
tion and column wetting. Use of low-conductivity water (such as dis-
tilled water) results in dispersion of fine particles within the column
and reduced hydraulic conductivity. This causes the entire demonstration
to take more time; for example, Cr042' breakthrough occurs after about 1§
minutes when distilled water is used rather than 0.0l M CaCljp.

Vi
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The demonstration illustrates several basic concepts of miscible dis-
placement and soil-solute interactions. The clear water which initially
drips out the bottom of the column shows how incoming water at the soil
surface displaces and pushes downward water already present within the
soil profile. The dilute Crohz' leachate which follows the clear water
illustrates the mixing due to molecular diffusion and mechanical disper-
sion which occurs in a porous medium when one solution displaces another.

The more intense Cr042' solution which drains next represents the bulk of
the volume of the dye slug which was added to the column. The Cr042-
behavior is analogous to that of N03” and Cl°, which likewise are not
retarded in their movement in most soils, The relatively rapid movement
of the anion shows why NO3~ is often the first pollutant, derived from
agricultural use, detected in groundwater.

The Rhodamine B illustrates the behavior of strongly sorbed solutes such
as many pesticides, heavy metals, and some fertilizer elements, It shows
how arrival of these types of solutes at the groundwater can be greatly
retarded relative te percolating water or more mobile solutes,

PERSONNEL

R. 5. Bowman, D. B, Jaynes, G. C. Auer, R, C. Rice, and H. Y. Cho
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Figure 1. Progression of water and dye through the column as a function
of time. (a) Clear solution drips from column immediately
after dye mixture is added. (b) Cr042- solution reaches
bottom of column and bepins to drain. (e} Drainage ceases,
leaving a dark purple band of Rhodamine B sorbed to upper
portion of columa.
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MAJOR, D. J. and REGINATO, R, J. Effect of latitude on phenology of

'colt’ winter wheat. Agric. For. Meteorol. (in press)(ms #1342)

BEAUMONT, J.A. and CLEMMENS, A.J. Flume measures ultra-wide discharge
range. Proc., ASCE Hyd. Div., Spec. Conf., aug. (published)(ms #1299)

BLAD, B. L., BAUER, A., HATFIELD, J. L., KANEMASU, E. T., MAJOR, D, J.,
REGINATO, R. J. and HUBBARD, K. G. Influence of water and nitrogen
levels on canopy temperatures of winter wheat grown in the Horth
American Great Plains. Agrie. For. Meteorol. (in press)(ms #1345)

BOISSARD, P., GUYOT, G. and JACKSON, R. D. Factors affecting the
radiative temperature of a vegetative canopy. Remote Sensing Reviews.
{(in press)(ms #1101)

BOUWER, H., Agricultural chemicals and groundwater quality--A look
ahead. Proc. Natl. Meet. on Toxic Substances in Agric. Water Supply &
Drain, -~-Searching for Solutions, Las Vegas, NV, 3-4 Dec 1987. (in
press) (ms #1369)

BOUWER, H. 1987. Effect of irrigated agriculture on groundwater, J. : K
Irrig. & Drain. Engr. 113(1):4-15. (published)(ms #927) .

BOUWER, H. 1987. Foreword to:; Effects of irrigated agriculture on
groundwater quality. J. Irrig. & Drain. Engr. 113(1):2-3. (published)
(ms #1230)

BOUWER, H. 1987, Groundwater recharge demonstration projects. Proc.
Symp., Planning, Operation, Rehabilitation & Automation of Irrigation
Water Dellvery Systems, sponsored by Irrig. & Drain. Div., Amer. Soc. of
Civil Eng., Portland, OR, 28-30 Jul 1987, pp.57-67. (published) (ms
#1296)

BOUMER, H. Reclaiming sewage effluent by soil-aquifer treatment. Proc.

l6th Biennial Conf. on Ground Water, "New Perspectives on Managing the
Quality and Quantity of California’s Ground Water." Sacramento, CA, 22-

23 Sept 1987. (in press)(ms #1327) -

BOUWER, H. 1987. Research and demonstration needs for artificial
recharge of ground water with infiltration basins. Proe. Third

Symposium of Artificial Recharge of Groundwater in Arizona, Tempe, AZ,
20-21 May pp. 17-29. (published){ms #1298)
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BOUWER, H. 1986. Technical issues in southwestern ground water manage-
ment., Proc. NWWA Conf. on Southwestern Ground Water Issues, Tempe, AZ,
20-22 Qct 1986, pp. 7-13. (ms #1261)

BOUWER, H. 1987. Water Conservation. Proc. Agrohydrology Symposium,
Wageningen, The Netherlands, 29 Sep-l Oct 1987, pp. 1-9. (ms #1315)

BOUWER, H. and IDELOVITCH, E. 1987. Quality requirements for
irrigation with sewage. J. Irrig. and Drain. Engr. 113(4):516-535. (ms
#1060)

BOWMAN, R. S. Manipulation of the Vadose Zone to Enhance Toxic Organic
Chemical Removal. (in progress){(ms #1302)

BOWMAN, R. S., AUER, G. C., and JAYNES, D. B. Water flow and chemical
retardation in soils: A simple, effective laboratory demonstration. (in
progress) J. Agron. Ed. (ms #1306)

BOWMAN, R, S,, BGUWER, H., and RICE, R. C. 1987. The role of prefer-
ential flow phenomena in unsaturated transport. Proc. ASCE Specialty
Conf, in Environmental Engineering, Orlando, FL, 6-8 Jul 1987, pp. 477~
482. (ms #1295)

BOWMAN, R. S. and RICE, R. C. 1984, Chemical tracers--their use in
measuring deep percolation rates. Proc. Deep Percolation Symp., 7 Nov
1984, Scottsdale, AZ, pp. 41-59, (ms #1116)

BOWMAN, R, 5. and RICE, R, €, Laboratory and field determination of
bromacil sorption and retardation. Proc. Amer. Soc. Agron. National
Meeting, 29 Nov-4 Dec 1987, (in press) Abstract

BUCKS, D. A., ALLEN, §. G., ROTH, R. L., and GARDNER, B. R. Short
staple cotton under micro and level-basin irrigation methods.
Irrigation Science. (in press){(ms #1358)

BUCKS, D.A. and HUNSAKER, D.J. Water use variability in irrigated level
basins. Trans. of the ASAE, 30(4):1090-1098. (published)(ms #125%9)

RUCKS, D. A. and NAKAYAMA, F. S. 1986. Water management and production
relations of mature guayule. Proc. 4th Int. Conf. on Guayule Res. and
Develop., December 1986, Tucson, AZ, pp. 16-19. (published){ms #1215)

BUCKS, D. A., NAKAYAMA, F. 5. and ALLEN, S. G. 1987. Regulation of
guayule rubber content and biomass by water stress. Proc. of National
Science Foundation Workshop, "The Biochemistry of Regulation of
cis-Polyiosprene in Plants®™, 6-7 October 1986, College Station, TX

pp. 161-173. (published)(ms #1276)
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BUCKS, D. A,, POWERS, D. E., CHANDRA, G. R., ALLEN, §. G., and FINK,

D. H, 1987. Shading techniques for the direct seeding of guayule.
Proc. 7th Ann. Conf. of the Guayule Rubber Society, Inc. Annapolis, MD.
2-6 November 1987. (published) ABSTRACT

BUCKS, D, A., ROTH, R. L,, NAKAYAMA, F. §5., and GARDNER, B. R. 1937.
water and nitrogen requirements for clipped and whole plant harvests of
guayule. Proc, 7th Ann. Gonf. of the Guayule Rubber Society, Inc.,
Annapolis, MD. 2.6 November 1987. (published) ABSTRACT

BUCKS, D. A., ROTH, R. L., POWERS, D. E., and CHANDRA, G. R. 1986,
Direct seeding for ecomomical guayule field establishment. Proc. 4th
Int. Conf. on Guayule Res. and Develop., December 1986, Tucson, AZ.
PP. 77-87. (published)(ms #1223)

CHOUDHURY, B. J., IDSO, §, B. and REGINATO, R. J. 1987. Analysis of an
empirical model for soil heat flux under a growing wheat crop for
estimating evaporation by a canopy-temperature based energy balance
equation. Agric. For. Meteorol, 39:283-297. (published)(ms #1232)

CLAWSON, K. L., JACKSON, R. D. and PINTER, P. J., JR. Evaluating plant
water stress with canopy temperature differences. "Agron. J. (in
progress) {(ms #1206)

CLEMMENS, A.J. Arranged delivery schedules. Proc., Irrig. & Drain.
Div., Spec. Conf., Portland, OR, Jul. pp. 57-67. (published)(ms #1290)

CLEMMENS, A.J. A statistical analysis of trickle irrigation uniformity.
Trans. of the ASAE. 30(1):169-175. (published){ms #1221)

CLEMMENS, A.J. Broad-crested weirs and long-throated flumes for open
channel flow measurement. Handbook of Civil Eng. Section 10: Hydraulics
& Fluid Mechanics. Technomic Publishing. (in progress)(ms #1186)

CLEMMENS, A.J. Control of canal networks. Jrl of Irrig. & Drain.
Engr., Proc. of 13th Int. Cong. on Irrig. & Drain., ICID, Casa Blanca,
MOR Sept. (in progress){(ms #1338)

CLEMMENS, A.J. Delivery system schedules and required capacities.
Proc., ASCE Irripg, & Drain. Div., Spec. Conf. Minisymposium, Portland,
OR, July. pp. 18-34. (published)(ms #1297)

CLEMMENS, A.J. Distribution system capacities for arranged surface
irri-gation schedules, Irrig. & Drain. Systems, an Int. Jrl. (in

progress) (ms #1362)

CLEMMENS, A.J. Editorial (onm irrigation water control). Irrig. &
Drain. Engr. (in press)(ms #1359)
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CLEMMENS, A.J. and FREEMAN, D.M. Irrigation water distribution
agencies: requirements for improved performance. —Irrig. & Drainm
Systems, an Int. Jrl. (in progress)(ms #1336)

CLEMMENS, A.J. and FREEMAN, D.M. Structuring distribution agencies for
irrigation water delivery. Proc., ASCE, Irrig. & Drain. Div., Spec.
Conf. Mini-symp., Portland, OR, July. pp. 72-80. (published)(ms #1287)

CLEMMENS, A.J. and REPLOGLE, J.A., Controlled-leak methods for water
level contrel, Proc, ASCE, Irrig. & Drain. Div,, S5pec. Conf,, Portland,
OR. pp. 133-147. (published)(ms #1286)

CLEMMENS, A.J., REPLOGLE, J.A. and BOS, M.G. TFlume: a computer model
for estimating flow through long-threoated measuring flumes. USDA Agric.
Res. Service, ARS-57. 64 pp. (published)(ms #1131)

CLEMMENS, A.J. and REPLOGLE, J.A., Centrol schemes for canal networks.
Proc., 13th Congress, ICID, Sep. 1-B:1276-1290. (published)(ms #1203)

CLEMMENS, A.J. and REPLOGLE, J.A. Mechanical-hydraulic dual-acting
controller for canal level or discharge rate. Journal of Irrig. &
Drain. Eng. 113(1):69-85. (published)(ms #1222)

CLEMMENS, A.J. BOS, M.G. and REPLOGLE, J.A. Contraction ratios for weir
and flume designs. Technical Note, Irrig. and Drainage Engin., ASCE.
113(3):420-424. (published) {ms #1256)

CUNNINGHAM, A. B., ANDERSON, C. J., and BOUWER, H. 1987. Effects of
sediment-laden flow on channel bed clogging. J. Irrig. & Drain. Engr.
113(¢1):106-118. (ms #1281)

DEDRICK, A.R. and REININK, Y. Water ponding on level basins caused by
precipitation, Trans of the ASAE, 30(4):1057-1064, (published){ms
#1188)

DEDRICK, A.R. and REININK, Y. Precipitation and irrigation on level
basins. Proc. intern., Congress on Irrig. & Drain. 13th Congress on
Irrig. & Drain. Rabat, Morocco. 1-B:1387-1398., (published)(ms #1202)

DIERIG, D. A. 1987. Contribution of yield components to rubber produc-
tion in guayule. Ph.D. Dissertation, University of Arizona, Tucson, AZ
73 pp. (published)(ms # no lab number)

DIERIG, D. A., THOMPSON, A, E., and RAY, D. T. 1987. Contribution of
yield components to rubber producticon in guayule, Proc. 7th Ann. Conf,
of the Guayule Rubber Society, Inc.,, Annapolis, MD, 2-6 November 1987.
(published) ABSTRACT

DIERIG, D, A., THOMPSON, A. E., and RAY, D. T. Relationship of morpho-
logical variables to rubber production in guayule, J. Amer. Soc, Hort.
Sci. (in progress)(ms #1368)
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DIERIG, D. A., THOMFSON, A. E,, and RAY, D. T. 1987. Variability among
and between guayule lines. Proc, 7th Ann. Conf. of the Guayule Rubber .
Society, Inc., Annapolis, MD, 2-6 November 1987, (published) ABSTRAGT '

EFTEKHARZADEH, S., CLEMMENS, A.J., and FANGMEIER, D.D. Furrow
irrigation using canal side weirs. Jrl. of Irrig. & Drainage Engr.
113(2):251-265. (published)(ms #1227)

EMMERICH, W, E,, FRASTER, G. W., and FINK, D. H. 1987, Relation be-
tween soil properties and effectiveness of low-cost water-harvesting
treatments. Soil Sci. Soc. Am, J. 51:213-219, (published)(ms #1240)

ERIE, L.J. and DEDRICK, A.R. Llevel basin irrigation: A method for
conserving water and labor. Revista Economica do Nordeste 17(1):747-
773. (This is a Portuguese translation of an earlier publication and is
not listed a second time on the publications list). (Orig. ms #646)

FINK, D. H., ALLEN, S. G., BUCKS, D. A., NAKAYAMA, F. §., POWERS, D.,
and PATTERSON, K. 1987. Guayule seedling emergence as related to
planting depth., Proc. 7th Ann, Conf, of the Guayule Rubber Society,
Inc., Annapolis, MD. 2-6 November 1987. (published) ABSTRACT

FINK, D. H. and EHRLER, W. L. Increasing productivity of Christmas
trees grown with runoff farming. HortScience. (in progress)(ms #1324)

FRASIER, G. W.,, DUTT, G. R., and FINK, D. W, 1987. Sodium salt treated
catchments for water harvesting. Trans. ASAE. 30:658-664., (published)

(ms #1269) ‘

GARCIA, R., KANEMASU, E. T., BLAD, B. 1,, BAUER, A., HATFIELD, J. L.,
MAJOR, D. J., REGINATO, R. J. and HUBBARD, K. G. Interception and use
efficiency of light in winter wheat under different nitrogen regimes.
Agric. For. Meteorel. (in press)(ms #1346)

GATHMAN, A. C., RAY, D. T., and THOMPSON, A. E. 1987, Cytogenetic in-
vestigation of Cuphea specles and interspecific hybrids. Proe, 7th Ann,
Conf. of the Guayule Rubber Society, Annapolis, MD, 2-6 November 1987.
(published) ABSTRACT

HATFIELD, J. L., BAUER, A., KANEMASU, E, T., MAJOR, D. J., BLAD, B, L.,
REGINATO, R. J. and HUBBARD, K. G. Water use efficiency of winter wheat

due to latitude, fertilizer, nitrogen and water. Agrie. For, Meteorol.

(in press){ms #1347) -

HATFIELD, J. L., PINTER, P. J., JR., CUMPION, M. C. and WEBB, W. M.
Development of infrared thermometer & hand-held radiometric programs for
the polycorder. Computers & Electronics in Agric. (in press)}(ms #1390)

HUBBARD, K. G., BAUER, A., BLAD, B. L., HATFIELD, J. L., KANEMASU, E.

T., MAJOR, D. J, and REGINATO, R. J. Monitoring the weather at five

winter wheat experimental field sites. Agric. For. Meteeorol.(in

press){ms #1341) |
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HUNSAKER, D.J. and BUCKS, D.A. Crop yield wvariabilicy in irrigated
level basins. Trans. of the ASAE. 30(4):1099-1104. (published)(ms
#1260)

HUETE, A. R. and JACKSON, R. D. 1987. The suitability of spectral
indices for evaluating vegetation characteristics on arid rangelands.
Remote Sensing Environ. 23:213-232, (published) (ms #1249)

HUETE, A. R. and JACKSON, R. D. Soil and atmosphere influences on the
spectra of partial canopies. Remote Sensing Environ. (in press)(ms
#1323)

IDSO, §. B. 1987, A clarification of my position on the CO,/climate
connection.  Clim. Change. 10:81-86. (published)(ms #1194)

IDSO, S. B. 1987. The CO,/trace gas greenhouse effect: Theory vs.
reality. Theoret. Appl. Climatol. 38:55-56, (published)(ms #1209)

IDSO, S, B, 1987. An apparent discrepancy between porometry and infra-
red thermometry relative to the dependence of plant stomatal conductance
on air vapor pressure deficit. Agric. For. Meteorol, 40:105-106,
(published) (ms #1231)

IDSO, §. B. Greenhouse warming or Little Ice Age demise: A critical
problem for climatology. Theoret, Appl. Climatol. (in press)(ms #1277)

IDSO, S. B. 1987. Seminal rejections. CO,/Clim. Dial. 2(1):2-3.
(published) (ms #1279)

1DbsO, 5. B. 1987. Greatest fraud? C©0,/Clim. Dial. 2(1):6-8.
(published) (ms #1285)

IDSO, S. B. Garbon dioxide and climate: The legacy of logic. GO,/Clim.
Dial. 2(1):9-17. (published){(ms #1303)

- IDSO, 8. B. Gomments on "Biotic changes consistent with increased
seasonal amplitude of atmospheric CO, concentrations" by R, A. Houghton.

J. Geophys. Res, 93(D2):1745-1746. (published)(ms #1307) B

IDsO, 5. B. 1987. €O, and sea level. J. Coastal Res, 3(4):ii-iii.
(published) (ms #1318)

IDSC, S. B. 1987. Detection of global CO, effects. Nature 329:;293.
(published) {ms #1319)

IDSO, S. B, Me and the modelers: Perhaps not so different after all.
Climatic Change. (in press)(ms #1321)

IDSC, S. B. Development of a simplified plant stomatal resistance model
and its validation for potentially-transpiring and water-stressed water
hyacinths. Atmos, Environ. (in press)(ms #1333)
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IDSO, S. B. The plant thermal kinetic window concept: Problems and ;
potentials. Agric. Water Manage. (in progress)(ms #1335) .
IDSO, S. B. The greening of planet earth, Scientific American. {(in
progress) (ms #1348)

IDS0, S. B. An upper limit te the greenhouse effect of Earth’'s atmos-
sphere. Theoret, Appl. Climatol. (in progress)(ms #1352)

IDSO, 5. B, Three phases of plant response to atmospheric €O,
enrichment. Plant Physiol. (in press)(ms #1361)

IDSO, S. B, The atmospheric effects of nuclear war -- a review, Atmos.
Environ. (in press)(ms #1363)

IDpso, 5. B., ALLEN, S. G.,, ANDERSON, M. G. and KIMBALL, B. A. Plant
thermal death thwarted by atmospheric €O, enrichment. Planta. (in
progress) (ms #1265)

IDSO, 5. B,, ALLEN, 5. G. and CHOUDHURY, B. J. Problems with porometry:
Measuring stomatal conductances of potentially transpiring plants.
Agric. For. Meteorol. (in press)(ms #1271)

IDs0, S, B., ALLEN, 3. G. and KIMBALL, B. A, 1987. The perils of poro-
metry. In Proc. Int. Conf. on Measurement of Scil & Plant Water Status,
Logan, UT, 6-10 July 1987. Vol. 2:133-138. (published)(ms #1339)

IDSO, S. B., ALLEN, 5, G., KIMBALL, B. A., and CHOUDHURY, B. J. . 4
Problems with porometry: Measuring stomatal conductances of nonpoten- '
tially transpiring plants. Water Resources Res. (in press)(ms #1364)

IDSO, S. B, and ANDERSON, M. G. A comparison of two recent studies on
transpirational water loss from emergent aquatic macrophytes. Aquatic
Botany. (in press)(ms #1314) '

IS0, S. B. and KIMBALL, B. A. Growth response of carrot and radish te
atmospheric CO, enrichment., HortScience. {in progress){ms #1360)

IDSO, S. B., KIMBALL, B. A,, ANDERSON, M. G., and MAUNEY, J. R. 1987.
Effects of atmospheric €O, enrichment on plant growth: The interactive
role of air temperature. Ag. Ecosys., & Environ. 20:1-10. (published)
(ms #1238)

IDSO, 5. B, KIMBALL, B. A, and MAUNEY, J. R, 1987. Atmospheric carbon
dioxide enrichment effects on cotton midday foliage temperature:
Implica-tions for plant water use and crop yield. Agron J. 79(4):667-
672. (published)(ms #1234)

IDSO, S, B,, KIMBALL, B, A., and MAUNEY, J. R. 1987. Atmospheric car-
bon dioxide effects of cotton midday foliage temperature: Implicatiens
for plant water use & crop yield. Ag. J. 79:667-672,
(published) (ms#1234) ;
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IDSO, S. B., KIMBALL, B. A., and MAUNEY, J. R. Actmospheric CQ, enrich-
ment and plant dry matter content. Agricultural and Forest Meteorology.
(in press)(ms #1353)

IDSO, 5.B., KIMBALL, B. A., and MAUNEY, J. R. Effects of atmospheric
CO; enrichment on root-to-top ratios of carrot, radish, cotton and
soybean. Agric. Ecosys. Environ. (in progress)(ms #1337)

JACKSON, R, D. 1986. Estimating areal evapotranspiration by combining
remote and ground-based data. IN: A, I. Johnson and A. Rango, eds.
Remote Sensing Applications for Consumptive Use (Evapotranspiration).
Amer. Wtr Resources Assn., Monograph Series 6:13-23, (published) (ms
#1168)

JACKSON, R. D, 1987. The crop water stress index: A second look. IN:
Proc. Intern. Conf. on Measurement of Soil & Plant Water Status. Logan,
UT, 6-10 July 1987, Vol. 2:87-91. (published)(ms #1304)

JACKSON, R. D. Surface temperature and the surface energy balance. IN:
Proc. Intern. Symp. on Flow and Transport in the Natural Environment:
Advances & Applications. Canberra, Aus., Sep. 1987. (in press)(ms #1365)

JACKSON, R. D., KUSTAS, W. P. and CHOUDHURY, B. J. A reexamination of
the crop water stress index. Irrig. Sci. (in press)(ms #1366?

JACKSON, R. D., MORAN, M. S., GAY, L. W. and RAYMOND, L. M. 1987.
Evaluating evaporation from field crops using airborne radiometry and
ground-based meteorological data, Irrig., Sci. 8:81-90. (published) (ms
#1246)

JACKSON, R. D., MORAN, M. S., SLATER, P. N. and BIGGAR, S. F. 1987.
Field calibration of reference reflectance panels. Remote Sensing
Environ. 22:145-158. (published)(ms #12453)

JAGKSON, R, D,, and PINTER, P, J., Jr. Sky radiance and surface emitted
effects on temperature measurements by infrared thermometry. (in
progress) (ms #1377)

JAWORSKI, G. A., BASS, M. A., PHATAK, S. G., and THOMPSON, A. E. Differ-
ence in leaf intumescence between cuphea species. HortSci. (in
progress) (ms #1328)

JAYNES, D. B. 1987, Fitting the powér function to data. Trans. Am,
Soc. Agric. Eng. 30:415-416. {(ms #1243) .

JAYNES, D, B., BOWMAN, R. 5., and RICE, R, C. Transport of a
conservative tracer in the field under continuous flood irrigation.

Soil Sci. Soc, Amer. J. (in progress)(ms #1316)

JAYNES, D. B., RICE, R. C,, and BOWMAN, R. 5. A simple model for field-
scale solute transport under intermittent flood irrigation. Soil Seci.

Amer. J. (in progress)(ms #1317)
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JAYNES, D.B., RICE, R.G., and BOWMAN, R.S. Infilcratiom variabilicy in

a flood-irrigated plot and its implications for solute movement. }
Proceedings - International Conference on Infiltration Development and '
Application. Honolulu, Hawaii. Jan 87. (in press)(ms #1225)

KIMBALL, B. A. 1987. Review of "Future atmospheric carbon dioxide
scenarios and limitation strategies" by J.A. Edmonds et al. Quart., Rev.
Biol. 62:217. (published)(ms #1268)

KIMBALL, B, A. and BELLAMY, L. A. 1986. Generation of diurnal solar
radiation, temperature, and humidity patterns. Energy in Agriculture
5:185-197. (published){ms #1163)

KIMBALL, B. A. and MAUNEY, J. R. 1986. Effect of CO, on Cotton Yield.
CDIC Communication {Carbon Dioxide Information Center, Oak Ridge
National Laboratery. Fall, 3-5, (published)(ms #1284)

KIMBALL, B.A., MAUNEY, J.R., RADIN, J.R., NAKAYAMA, F.S5., IDSO, S5.B,.,
HENDRIX, D.L., AKEY, D.H., ALLEN, S.G., ANDERSON, M.G. and HARTUNG, W.
1986. Effects of increaéIﬁé atmospheric CO, on the growth, water rela-
ions, and physiology of plants grown under optimal and limiting levels
of water and nitreopen. U.S. Dept. of Enerpy Series, Response of
Vegetation to Carbon Diexide, No. 0389, 1986. Carbon Dioxide Research
Div., U.5.Dept. of Energy & Agric Res. Serv. Washingtom, DG. 125 pp.
(published) (ms#1332)

KUSTAS, W. P., GHOUDHURY, B. J., MORAN, M. S., GAY, L. W., WEAVER, H. a 5
L., REGINATO, R. J. and JACKSON, R. D. Determination of sensible heat 4
flux over sparse canopy using thermal infrared data. Agric. For. '
Meteorol. (in press)(ms #1388)

KUsTAS, W. P., CHOUDHURY, B. J., MORAN, M. S., REGINATO, R. J., JACKSON, ¥
R. D.. and GAY, L. W. 1987. Problems in the estimation of sensible :
heat flux over incomplete canopy cover with thermal infrared data. IN:

Proc, Amer. Met., Soc., l8th Conf. on Agric. and Forest Meteorcl. and 8th

Conf. of Biometeorol. and Aerobiology. Sept. 14-18, 1987, Lafayette, IN.

pp. 87-90. (published)(ms #1382) B

KUSTAS, W.P., JACKSON, R.D, and ASRAR, G, 1987. Estimating surface
energy balance components from remctely sensed data. Book Chapter in
Theery and Applications of Optical Remote Sens., G. Asrar, ed. (in
press)(ms #1383)

MAJOR, D, J., BLAD, B. L., BAUER, A., HATFIELD, J, L., HUBBARD, K. G.,
KANEMASU, E, T. and REGINATO, R. J, Winter wheat grain yield response
to water and nitrogen on the North American Great Plains. Agric. For.
Meteorol. (in press)(ms #1343)

MAJOR, D. J., BLAD, B, L., BAUER, A., HATFIELD, J. L., HUBBARD, K. G.,
KANEMASU, E. T, Seasonal trajectories of winter wheat phytomass as
affected by water and nitrogen on the North American Great Plains,
Agric., For. Meteorol. (in press)(ms #1344)
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MIYAMOTO, S. and BUCKS, D. A. 1 19B6. Water quantity and quality re-
guirements of guayule: Tentative assessment. Proc. 4th Intern. Conf.
on Guayule Res. & Develop., Tucson, AZ. Dec. 1986. pp. 109-116.
{published) (ms #1224) :

MORAN, M. S., JACKSON, R. D., HART, G. F., SLATER, P. N., BARTELL, §S.
G., BIGGAR, S. F. and SANTER, R. P. Surface reflectance factors derived
from SPOT-1 HRV data at two view angles., IN: Proc. Intern. Conf. on the
SPOT-1, Image Utilization, Assessment, Results. Paris, France, 23-27
Nov, 1987. (in press){ms #1329)

MORAN, M., S., JACKSON, R. D, and REGINATO, R, J, Evaluating evaporation
from rangeland vegetation using airborne radiometry and ground-based
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